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NOMENCLATURE

A

Transmission loss

B

Side of equilateral prism
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Continuous wave (Laser)

D

Lens aperture diameter

E

Electric field amplitude

F

F innesse

G

Gain

I

Radiation intensity
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Boltzman's Constant

Ho

Coherence length

M

Molecular weight

N

Avogadro's Number

0

Object
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Photomultiplier

R

Reflectance

S

Sensitivity

T

Transmittance, temperature

TEM

Transverse Electromagnetic

W

Watt

b

Maximum width of prism refracted beam

c

Velocity of light in a vacuum

d

Particle diameter

d
a

Diameter of Airy disc

(1.38X10

-23

Joule

viii
db

Decibel

e

Electron charge (1.6X10

f

Frequency (Hz)

i

Current

k

-19

Wave vector, ratio of intensity at PM tube to
incident intensity

1^

Focal length

m

Index of refraction ratio

n

Index of refraction

n

coulombs)

o

(n/n )
o

Index of refraction ofmedium

p

Integer, order number

r

Distance from radiator to point of observation

v

Velocity

w

Weight concentration

x,y,z Rectangular coordinate system axes

oc

Particle size parameter
Incident angle

0

Scattering

angle

A

Wavelength

A0

Wavelength in vacuum

yu

Micro (10 k)

v

Number concentration

£

Density

<j>

Phase
Incident angle

il/

Angle of refraction

Co

Frequency (radians)

(=TTD/^ )

A

Small incremental value of difference

-fl.

Solid angle (steradians)

SUBSCRIPTS

a

Airy

A

Anode

C

Cathode

D

Doppler

i

Incident

LO

Local Oscillator

n

Noise

o

Outputjor initial conditions where time dependent

sc

Scattered

T

Total

SUPERSCRIPTS

Vector
()

Time averaged

The standard accepted abbreviations for the elements are
used but not listed here.
The standard accepted prefix multipliers of the Inter
national System of Units (SI) are used but not listed
here (i.e., M = X10 ).
The standard accepted mathematical symbols are used but
are not listed here.

CHAPTER I

INTRODUCTION

A relatively new method of measuring local velocity in a
fluid stream has been devised which eliminates some of the inherent
problems of the traditional methods.

This method senses the Doppler

shift of light scattered from a laser beam incident on particles
suspended in the fluid.

The Doppler shift is proportional to the

particles (or fluid) velocity.

This new technique has several

distinct advantages over the more traditional methods of velocity
measurement.
Common traditional methods for measuring local velocity in a
fluid stream all have some form of restriction on their general
application.

These methods can be divided into three general types:

1. pressure probes, 2. heated wire or film probes, and 3. flow
visualization techniques.
The pitot tube, which exemplifies a pressure sampling probe,
requires a remote sensing and readout device.

The volume of the con

necting lines and the displacement of the sensing surface necessitates
having the fluid flow through the sampling port and lines, which re
quires time for equilibrium to be achieved.

This particular problem

is intensified when sampling a compressible fluid.

To approach the

ideal of sampling at a point requires reducing the area of the
sampling port which restricts the flow area and thus increases the

1

2
response time.

The functional relationship between pressure sensed and

velocity, in general, requires knowledge of fluid viscosity, density,
sonic velocity, and physical characteristics of the probe [l] .^

Al

though close coupling of sampling port and sensing device has been
used to reduce the response time [2], this class of devices is consid
ered suitable for static measurements only.

The presence of the

pressure sensor in the fluid stream creates disturbance to the flow
pattern and thus may alter the magnitude and direction of the velocity
that is to be measured.
The heated wire or film sensor relies on the functional re
lationship between fluid velocity and heat transfer from the sensing
surface.

The heat transfer is measured by holding the current constant

and measuring the voltage drop across the sensor, or by maintaining a
constant resistance of the sensor and measuring the current flow.

Be

cause these systems involve equilibrium between heat generation and
convective heat transfer into the fluid, the fluid temperature,
density, viscosity, and velocity affect the output of the sensor.

The

sensing element (film or wire) can be made very small to minimize flow
disturbance.

Since the element has a very small thermal mass, it

allows good response to rapid velocity fluctuations.

However, the

sensor supports are usually several orders of magnitude larger than the
sensor and can cause appreciable flow disturbance.

With each of these

systems the response is a nonlinear function of velocity and each
individual sensor requires meticulous calibration in a stream of
identical fluid where physical properties and velocities can be

''"Bracketed numbers, i.e., [l] , refer to references found in
the List of References beginning on page 120.
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measured independently.

Dirt accumulation or oxidation of the sensor

will change the sensor calibration; large dirt particles can actually
break the fine wire sensors

[3].

Bare sensors cannot be used in many

liquids because of the electrical conductivity of the liquids.

In

both types of sensors and both types of systems, heating the fluid can
be a problem.
Flow visualization techniques are inherently limited to twodimensional flow studies and all but the Mach-Zehnder interferometer
are difficult to use for more than qualitative information.

The Mach-

Zehnder interferometer gives a direct indication of variation of
density in the fluid as sensed through the index of refraction of the
fluid and its change with density.

If the fluid velocity is known at

a point in the field of view, the velocity at other points can be
determined by relating the change of index of refraction to the change
of velocity [4] .

The one distinct advantage of the Mach-Zehnder inter

ferometer is its ability to record data over the whole field of view
simultaneously.
In a laser Doppler velocimeter, monochromatic spatially co
herent light is focused to a point in a fluid stream where a portion of
the light is scattered by particles in the fluid stream and Doppler
shifted.

This scattered light is optically heterodyned by combining it

with undisturbed light from the laser causing a beat phenomena to
occur at a frequency equal to the difference in frequency of the un
disturbed laser light and the Doppler shifted (scattered) light.

The

fluid velocity is proportional to the frequency of the beat.
The potential of measuring fluid velocity by sensing the
Doppler shift of a scattered beam of light is readily apparent when the

4
concept is compared to the aforementioned traditional methods.

With

the sensing done entirely by light, there is no probe to disturb the
flow.

The calibration is a simple relation between geometry and the

wavelength of the light.

The inherent massless character of the light

allows an essentially zero order response of the Doppler shifted light
to any change in the fluid velocity.

This condition is ideal for

transient and turbulent fluid measurements.

There is also the

possibility of simultaneous orthognal measurements at the same point
in the flow field.

The major disadvantage of the laser Doppler system

appear to be cost, relative immobility (due to structure necessary to
keep optics aligned) as compared to the hot wire or film systems, the
necessity of adding scattering particles in some mediums, and to a
lesser degree, heating of the fluid.
The International System of Units (SI) of measure will be used
here exclusively, inasmuch as these units are more commonly used in
the fields of electronics and optics than are the U.S. customary
units.

CHAPTER II

THEORY

There are three major areas in need of consideration to ade
quately define the theory of operation of a laser Doppler velocimeter.
These areas are:

1. the means of excitation or energy input to the

transduction process, 2. the velocity sensing or transduction prin
ciple, and 3. the means of signal conditioning, or modifying the out
put of the transduction process into a measurable quantity.

Inasmuch

as these three areas are intimately related, it is essential that the
theories of each and the interrelationships be defined and considered
carefully in the subsequent design.

Excitation Source
The source of energy, or excitation for the detection process
will be specified by the requirements of the detection technique and
those of the optical and electronic signal processing systems.

There

fore, the detailed discussion of the excitation source will be
deferred until its requirements have been determined in the following
sections.

In general, it will be assumed for now that a source of

continuous, intense, coherent, collimated single frequency light is
available such as would be available from an ideal optical gas laser.

Transduction Process--Scattering
The transduction process being considered is two part.

5

The
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first is the light scattering that occurs from the incident beam of
light.

The second is the Doppler shift of the scattered light.

These

occur simultaneously but will be considered separately and in the
order mentioned above.
Since light scattering is a very broad and complex subject, it
is essential that the terms used be properly defined.

It is common

practice to talk of the source intensity, incident intensity, and
scattered intensity in the electromagnetic sense without using the
precise terms.

This practice shall be followed here even though, more

correctly, the terms radiant flux or radiant emittance, irradiance or
radiant-flux density, and radiant intensity or radiant emittance,
respectively, should be used.
The commonly used particle size parameter

<x = TTP/^

shall be

used to define particle size where D is particle diameter and
wavelength of the incident light.

is the

Spherical particles only will be

considered unless otherwise stated.

The index of refraction of a

substance shall be denoted by n, and n shall denote the index of
J
o
refraction of the surrounding medium.

The index of refraction ratio

to that of the surrounding medium shall be denoted by m where m = n/nQ.
There are several regimes of light scattering according to
accepted theory.

These are illustrated in Figure 1 [5] .

The 1imits

shown in Figure 1 are for five per cent deviation from the precise
general theory of Mie.
The most simple case for light scattering is for o( < < 1 , m
arbitrary, and optically isotropic (i.e., polarizability is independent
of direction in the particle) which is covered by the Rayleigh Theory.
In this case the particle is so small that the phase of the exciting
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Fig. 1.— Regimes of light scattering theory

1.4

electromagnetic field is nearly constant throughout the particle.
Under this condition the scattered radiation distribution is that
expected from an oscillating dipole.

2

This is given by Ostler as

2

2TT M n
________ o_

(n-n

X 4 r2 N
A
NT w

o

(l+cos^8)

(

2- 1)

where M is molecular weight, N is Avogadro's Number, w is weight
concentration, and r is the distance from the radiator to the point of
observation.

This distribution is shown in Figure 2 [6] .

For pola-

2

rized light the 1+cos 0 term controls the distribution with the 1 term
defining the scattering of incident light that is polarized normal to

2

the plane of Figure 2 and the cos 0 term defining the scattering of
light polarized in the plane of Figure 2.
Of major significance here is the dependence of scattered
intensity upon polarization, the square of the difference of index of
refraction between particle and medium, and the inverse proportionality
to the fourth power of the wavelength of the incident light.
If the particles possess a linear dimension greater than about
one-tenth the wavelength of the incident light or if the particles are
metallic, the Rayleigh Theory no longer holds.
There are other theories of a specialized nature

[5, 7, 8] but

they primarily cover the areas of small m and/or small <x .
large

For very

approximations of reflection and refraction can be made based

upon geometrical optics.
In order to cover the gaps in «

and to include the full range

of index of refraction the general solution given by Mie must be used.
Mie found a series solution for the problem of a plane wave incident on

■— Normal polarization
Parallel polarization

Incident light

Scattered Intensity

Fig. 2.--Rayleigh Scattering
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a spherical particle which places no restriction on <x or index of
refraction.

Unfortunately, the solution to the complete Mie equations

has been found for spherical particles only and is very complicated
[6] .

The most useful result of the Mie theory for this project is the

intensity function.

Fortunately, a number of investigators have cal

culated the intensity function as a function of the scattering angle
for various particle sizes and indices of refraction.

On the basis of

these data certain general but very significant facts can be drawn.
The intensity of forward scattered light is always equal to or greater
than back scattered light as opposed to the Rayleigh Theory where the
two are equal, being symetrical about 90°.

As the particles become

larger the scattered intensity increases for all directions but the
increase is much greater for forward scattering, as shown in Figures
3 and 4.

Transduction Process--Doppler Shift
The velocity sensing is accomplished by means of the Doppler
shift phenomena.

The Doppler shift is an apparent change of wavelength

of a wave phenomena between the point of transmission and the point of
reception where there exists a nonzero relative velocity between the
two points.

Where the relative velocity is bringing the two points

closer together there is a decrease in wavelength and a corresponding
I
increase in frequency. Where the relative velocity is moving the
points apart there is an increase in wavelength and a decrease in
frequency.

To approach this theory in a very general way a relativ

istic consideration of light produces [9, 10] :

11

/

\

90°

Fig. 4.--Light scattered from a spherical
particle for n=1.55 and <*=6.0
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(1 +

V ♦ kj)

f' = f

)

(2 -2 )

A

(1 -

where f is the transmitted frequency and f' is the frequency "seen"
from a particle moving relative to, and approaching the point of
transmission;

is the wave vector of the incident light and c is the

velocity of light in a vacuum; v is the velocity vector of the
particle relative to the point of transmission.

Light reflected or

scattered from the moving particle will be radiated at the frequency
received (f').

An observer at a third point that is fixed relative

to the point of transmission and having the particle approaching it
will "see" a frequency

(1 +

v»k sc>

(1 +

v-k sc

= f

f"= f’-

Ml +

v*ki

i - c?>2

(1 - (f)2)^

transmitted, or scattered from the particle, where K
vector of the scattered light.

(2-3)

is the wave

Expanding the numerator and neglecting

the terms containing (-^-)^ because J v j « c

f- = f[i + f ( k . + k sc)]

results in:

(2-4)

Defining the Doppler frequency (f^) gives:

(k

+ k

sc )

(2-5)

Substituting
f
c

1
Aa

( 2- 6)
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where

X e is the wavelength of light in a vacuum, gives the following:

(2-7)

(k. + k )
„ i
sc

f
D

Referring to Figure 5, Equation (2-7) can be rewritten in
terms of the actual geometry:

fD = j-^ [cos ( 180®-(£ + ©)) + cos/3]|

(2-8)

Substituting the trigonometric relationship cos(180°9) = -cos©, gives:

(2-9)

f° = |^ [cos*- cos (>B+9 )j|

This equation can be solved for v as a function of f^, A© , and the
geometry of the system.

By reference to Figure 5, it can be seen that

Equation (2-9) relates the Doppler shift in the Kgc direction to the
velocity component that lies in the plane defined by the incident
light beam and the axis of the scattered light sensed and in the
reference direction (the line from which the angles 9 and £

are

measured).
Since the Doppler shift is a relatively small quantity it is
desirable to optimize the geometry to obtain a maximum Doppler shift.
This would be particularly true for a small particle velocity.

There

are two sets of conditions that will give extreme values (maximum
positive or maximum negative) for f

from Equation (2-9)--one set

for a given incident angle (yS), and another set for a given scattering
angle (9).

The extrema of f

can be found by setting the partial

14

Z

light

Fig. 5.--Doppler shift geometry
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derivative of f with respect to one or the other of the angles, equal
to zero and then solving the resulting equation.
The maximum magnitudes of Doppler shift for a given incident
angle will be investigated first.

Applying the above procedure,

treating /3 as a constant, gives

b
——
36

v
= — sin (0 +0 ) = 0
Ao

(2-10)

which gives the following result:

sin (/3 + 9 ) = 0

( 2- 11)

/S + 0 = 0, 180°

These conditions are satisfied by:

0 = 180° 0 = -/3

for /3 ^ 90°

( 2 - 12 )

for p — 90°

These results indicate that for a given incident angle the maximum
magnitudes of Doppler shift occur at scattering directions parallel to
the "v vector.

Referring to Figure 6(a), these angles substituted

into Equation (2-9) yield a positive f .
6(b) yield a negative f

The angular values of Figure

when substituted into Equation (2-9).

negative frequency has no physical meaning.

A

However, the Doppler fre

quency is defined as a difference frequency (see Equation (2-5)) and
therefore a negative sign indicates the frequency of the scattered
light is less than the frequency of the incident light.
The condition for the extrema of Doppler shift for a given
scattering angle will be found from

16

(2-13)

) - sinjS = 0

]

which results in

(2-14)

sin ( £ + 9 ) = sin /S

This equality is satisfied by

(2-15)

Figure 7 illustrates graphically the relationships for the extrema of
Doppler shift, given a fixed scattering angle.

It will be noted that

Figures 7(c) and 7(d) are mirror image cases of Figures 7(b) and 7(a),
respectively.

Figures 7(a) and 7(d) illustrate the geometry for a

maximum positive Doppler shift for any given 9 and Figures 7(b) and
7(c) illustrate the geometry for a maximum negative Doppler shift for
any given 9.

Transduction Process--Sensing Doppler Shift
The frequency of visible light is of the order of 10

14
Hertz

(Hz), and the maximum Doppler shift for this application is of the
order of 10

6

Hz.

2

Photomultiplier (PM) tubes, which are the most

sensitive photo-electronic sensors available and which also possess the
greatest frequency bandwidth, are capable of sensing frequencies on the
2
For a velocity of 600 m/sec. (Mach No = 2) and a typical
geometry for large Doppler shift of /S = 75°, 9 = 30°, and ?v0= 488 nm;
f = 635X10° Hz.
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(a)

180°-p

p£9O0

(b)e--p,

90°

Fig. 6.--Scat tering angle (9) for maximum Doppler
shift for a given incident ngle (p)

(a) © > O

(c) 0 > O

£>= 3 0 - —

p>~ ~ 90 “ 2

(d) © < o

p = - 3 0 - ■!

Fig. 7.--Incident angle (&) for maximum Doppler shift
for a given scattering ang e (0)

g
order of 10

Hz.

This is well below the frequency of visible light

and therefore not directly applicable to the detection of the Doppler
shift.

However, there are at least three methods or devices that use

an intermediate step to make it possible to sense the Doppler shift,
which methods have previously been used for this application.
methods are:

These

1. using a Fabry-Perot Interferometer and PM tube

[ll] ,

2. using a monochromator to give an angular dispersion shift which is
then detected by a PM tube [l2] , 3. optical heterodyning to obtain an
intensity variation at the Doppler frequency which can be detected by
a PM tube [l3] .

A brief description of each of these methods is

presented here.

Fabry-Perot Interferometer
The sensor of the Fabry-Perot Interferometer, commonly called
an etalon, consists of two plane-parallel mirrors with a highly re
flective coating on each adjacent surface as shown in Figure 8.

The

reflective coatings usually have a reflectivity of 0.9 or greater.
Light which enters the elements is partially reflected and partially
transmitted at each reflective coated surface, causing multiple re
flections within the cavity and partial transmission out of the etalon
at each reflection point.

Due to the increased path length caused by

each successive reflection, the phase of the light transmitted at each
incidence is delayed.

For monochromatic incident light there is poss

ible constructive or destructive interference, depending on the phase
difference between rays.
mirror spacing.

The phase difference can be controlled by

Constructive interference will reach a maximum when

Fig. 8.--Fabry-Perot Etalon
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where p is an integer and d is the distance separating the mirrors.
For an incident angle

^ O a

lens is required to focus the exiting

parallel rays to a point to obtain interference.

For a collimated

incident beam normal to the mirrors ( f' = 0) there is no focusing of
the output required.

The Fabry-Perot etalon in this form is a narrow

bandpass optical filter.

It can be made a tunable bandpass filter by

allowing d to vary by controlled known amounts.

This has been done by

using a stack of piezoelectric crystals as spacers [11].

When a D.C.

voltage is applied to the crystal stack they change dimension in pro
portion to the applied voltage.

Thus the etalon can be calibrated to

determine the relationship between applied voltage and pass band
frequency.

The intensity of light output from the etalon for any

particular d is a relative measure of the proportion of the input
light that is at the wavelength corresponding to that particular d.
To understand the advantages and disadvantages of the etalon
several definitions must be made which are presented here as developed
or derived by references cited.

The transmittance of the Fabry-Perot

etalon can be shown as given by the Airy formula
I
0
I.
1

1

1
(1 +

[14]

A
1-R

1 +

4R
. 2 (2 TT fd)
JT-R)2Sin --------C-------

(2-17)

where A is the dissipative loss of the mirrors and R is the reflec
tance.
From Equation (2-16) it is observed that for any given d, a
transmission maxima will occur at successive frequency intervals
corresponding to successive values of p.
"free-spectral range" and is given by

This interval is called the

21

c
2d

FSR

(2-18)

An ambiguous condition would occur if the free-spectral range was ex
ceeded, thus allowing two or more different frequencies to generate
transmission maxima for a given d.
The "instrumental bandwidth" or selectivity of the Fabry-Perot
etalon, as defined at the half intensity points, is defined as [14] :
= c ( 1-R)

2TTd

(2-19)

The ratio of the free spectral range to the instrumental band
width is called the "finesse" of the etalon.

From Equations (2-18) and

(2-19), the finesse is

F = —

(2-20)

The ratio of the transmission frequency to the instrumental
bandwidth is defined as the resolving power of "Q" (quality factor) of
the etalon.

From Equation (2-19), "Q" is
2TT df
c(l-R)

( 2- 21)

Ideally, it is desired that a Fabry-Perot etalon have a very
high finesse and transmittance (T = 1-R) and a very small instrumental
bandwidth.

By comparing the defining equations, it is seen that high

finesse and small instrumental bandwidth are compatible but to achieve
this desired goal the reflectance must be made very high (see Equation
(2-20)).

This is inconsistent with the desire to have a high trans

mittance since increasing the reflectance decreases the transmittance

22
as shown in the definition of transmittance as given above.
A second serious problem comes to light when the factors con
trolling the finesse are examined.

Equation

(2-20) defined the

limiting value of finesse achieved by perfect optics.

Morse et al

[15] states that a finesse of 200 is required for a + 5 per cent
resolution capability of velocity measurement.

Sinclair [14] states

that the etaIon mirrors must be flat to the transmission wavelength
divided by the desired finesse to achieve an etalon with the desired
finesse.

The actual available bandwidth is thus limited by the flat

ness of the mirrors.

Optical Heterodyning
Optical heterodyning is ideally the summing of the amplitude of
two plane waves of harmonic nature that are different in frequency, to
create an amplitude wave that has a frequency equal to the difference
in frequency of the two summed waves.

For this particular application

one light beam to be summed will be the Doppler shifted light,
scattered by moving particles in a fluid stream, and a reference beam
or local oscillator (LO), which is aligned with and superimposed upon
the scattered beam.
E

JLAJ

sin (to

L iU

The two beams are denoted by E
sin (to t) and
J sc
sc

t), where E denotes the electric field amplitude.

Super-

imposing these two beams forms a total wave whose electric field is

Et = Esc sin(ujsct> + El o sin(u,L0t)

(2-22)

This will hold only for the assumption that each beam has the same
linear polarization direction.
waveform is :

Hence, the intensity of the combined
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1 - COSlo t"
'1 - cos«,LOf
sc
+ e2
2
2
elo
r
"]
+ Esc EL0 [cos(^sc-“,LO)t “ COs(tWsc+WL0)t:J

(2-23)

By limiting the frequency bandwidth of the electronics or by
judicious choice of system parameters to take advantage of the
inherent bandwidth of the PM tube, the system could be made insen
sitive to frequencies of the order of m>

sc

, (x> , and to
+ <oT .
LO’
sc
LO

thus simplifying the response as indicated

4 - 4 [ h e + TL0 + 2(1sc1LO)k C°suv ]

where to

L)

is the Doppler frequency in radians (to

SC

- to

<2'24

J_»U

).

As

indicated in Equation (2-24), there is a DC component (lgc + I

) and

an AC component oscillating at the Doppler or heterodyne frequency.
In the above derivation it has been assumed that the heterodyning
efficiency was equal to one, which is not realistic in the actual case
due to imperfect alignment, loss of coherence, and other nonideal
situations.

These losses in efficiency will be covered in detail in

Chapter IV.

Direct Optical Dispersion Sensing
Probably the oldest and most common method of measuring the
wavelength (or frequency) of light is by means of a spectrograph,
which uses a prism or diffraction grating as an angular dispersion
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element.

The prism and the diffraction grating will be examined here

as possible practical wavelength sensors.
Considered here is a simple equilateral prism as shown in
Figure 9.

The dispersive power or angular dispersion is defined as

the angular change of refraction of light passing through the prism
divided by the change in wavelength which in the limit is d'H/d^.

[l5] .

This can be represented in a more useful way as:
d 4* _ d ^
dA
dn

dn
dA

(2-25)

Values of dn/dA. are readily available for all common optical glasses
[l6] .

From differentiating Snell's law of refraction (n = sin 4>/sin ^ )

and considering (f> a constant, the following is obtained:
d
dn

_ sin <{>
cos

(2-26)

By referring to Figure 9, the following additional geometrical re
lationship can be derived:
d 4* _ sinfr 2 sin( S /2) _ B
dn
cos\}»
cos
b
Allowing the approximation

A'I'/a A

(2-27)

= d ^ / d X , which can be

expressed as

A iL> = ■—
A *
r
dA

(2-28)

the angular refraction of monochromatic light from the prism can be
calculated.
Barium flint glass has the largest dn/d 7\ of common optical
glasses

[l6j .

For A - 486.1 nm, barium flint glass has n = 1.598 and

dn/d X = 0.89X10 \nm ) ^.

Using these values in Equation (2-25),
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the value of dn/d

is calculated to be 1.48X10

-4

(nm)

-1

.

The angular dispersion for a diffraction grating is given
as

[l5]

= ___E___

AA

(2-29)

d cosf

where p is defined as the order of the spectrum, d is the grating
space or distance between rulings on a grating, and

is the angle

at which the light is refracted (see Figure 10).
For a high quality grating of 600 rulings per millimeter (1/d)
and cos*f ~1> it can be shown that

A

/a A

= 6X10

-4

p(nm)

-1

This is approximately four times the dispersive power of the prism
considered earlier for p = 1.

A second or third order image could be

used and thus gain additional dispersive power.
intensity of higher orders decreases rapidly.

However, the
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Fig. 9.--Prism geometry

Fig. 10.--Diffraction grating geometry

CHAPTER III

LASER DOPPLER VELOCIMETERS BY OTHERS

The following descriptions of laser Doppler velocity measuring
devices built and tested by other investigators is by no means a
complete coverage of the field.

Only those devices that appear to be

outstanding or unique in some way in the eyes of this author are con
sidered.

Some comment will be made concerning salient features of

each, in order that these features and their performance may be con
sidered in making knowledgeable design decisions.

These investigators

have been divided into three categories, according to the means used
in sensing the Doppler shift.

Optical Heterodyning
Yeh and Cummings were the first to report in the literature a
successful laser Doppler velocity measuring device

[l7] .

Their device

incorporated a specially designed flow tube that allowed all incident
and emitted light to pass through windows normal to the path of the
light as illustrated in Figure 11.
chosen by them were

The incident and scattering angles

= 180°, and 0 = 30°, respectively.

Polystyrene

spheres of 0.557 /a m dia. were used as scattering particles in water.
The device used an unfocused He-Ne 5mW laser incident beam that was
collimated and limited to ~

0.16 cm dia.

A collector lens was used

for gathering and focusing the scattered laser light.

A system of

mirrors and beam splitters were used to combine the direct laser beam
27
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and the focused scattered light onto the sensing surface of a PM tube
to accomplish the heterodyning.

A spectrum analyzer was used for

analysis of the PM output.
Foreman et al

[18] first reported a successful laser Doppler

velocimeter in August, 1965, with subsequent publications
describing measurements made in liquids (water) and air.

[l9, 20, 2]
They found

artificial scattering agents were required in gas flows but found
naturally occuring particles in the liquid systems supplied sufficient
scattered light intensity.
When the 50mW laser
equality

3

He-Ne lasers from 5mW to 50mW were used.

was used, adjustment of the two path lengths to

was necessary to obtain satisfactory heterodyning due to the

optical interference of the large number of simultaneous axial modes
being generated [21] .
12.

The geometry of this system is shown in Figure

In principle their device did not differ from Yeh and Cummings

but a different optical arrangement, incident and scattering angles
( A - 90° and 5°^ 8£20°) were used.

The laser beam was focused to a

"point" at the sensing volume and a collector lens was used to focus
the scattered radiation onto the PM tube.

An analog frequency meter

and/or a spectrum analyzer were used to determine the mean velocity.
Goldstein and Kried [22] have reported the application of a
laser Doppler velocimeter to measure velocity profiles in water at very
low velocities.

Their system used geometry similar to Foreman

( A = 85°, 0 = 15°) but differed from those previously described by
separating the reference beam from the incident beam before entering
the test section.

This geometry is illustrated in Figure 13.

3
A Spectra-Physics Model 125 CW Laser

The

PM tube

mirror

neutral
filter

Fig. 11.--Optical system of Yeh and Cummings

[l7j

Fig. 12.--Optical system of Foreman et al

[20]

ho
\D
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Fig. 13.--Optical system of Goldstein and Kreid

(22j
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reference beam was aligned and focused to be incident on the PM tube
and coaxial with the scattered light incident on the PM tube.

This

eliminated the beam splitter for recombining used in the systems
described previously.

The incident and reference beams were focused

to the "point” of interest in the test section but no collector system
was used to gather the scattered light.

Two coaxial apertures were

placed on the axis of the PM tube to limit the light incident on the
PM tube to that coming from the sensing volume.

Polystyrene spheres

of 0.557 /l m diameter were introduced into the flow system as
scattering elements.

A 0.3mW He-Ne laser radiating at 632.8 nm was

used as the excitation source.

A spectrum analyzer was used to display

the results.
It would be well to point out here that no Doppler shift of the
reference beam occurs even though it passes through and may be focused
to a "point" at the control volume.
9 =0,

By reference to Equation (2-9) for

ideally, the Doppler frequency is equal to zero for all values

of incident angle.

However, light is actually sensed over a finite

solid angle and thus some light is picked up at angles where 9 ^ 0 ,
thus giving a limited width continuum of frequencies.

The effect is

small, however, in the system of Goldstein and Kried, because of the
very small solid angle of acceptance defined by the aperture stops.
The most significant work on a heterodyne sensing velocimeter
found so far has come from E. Rolfe et al

[l3] .

This work contains a

detailed analysis of most significant parameters that affect the opera
tion of a laser Doppler velocity measuring system.

Their device uses

geometry similar to that of Foreman, expanded,into a three dimensional
system designed particularly for gases.

Their design is based on the
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introduction of artificial scattering particles into the gas stream to
act as scattering centers.

They have made an in-depth study of mater

ials for scattering particles to find a practical (convenient, inexpen
sive, and inert) material for use in open flow systems without a signi
ficant breakthrough.

They have experimented with a 50mW He-Ne laser

and a one watt Argon-ion laser, of which the latter gave them signal to
noise ratios of 30 db or better.

They used a focused incident and

collector system with a beam splitter for recombining the scattered and
reference (LO) beams to obtain heterodyning at the PM tubes which were
used as opto-electronic sensors.

A significant effort was made to

evaluate presently available electronic signal conditioning and dis
play equipment.

Their recommendation was to develop a system tailored

to their particular need of obtaining mean velocity and turbulence data
simultaneously and directly.

Fabry-Perot Interferometer Sensor
The Fabry-Perot Interferometer was first used in a successful
laser Doppler velocimeter by R. N. James et al

fll, 23] .

This device

was designed particularly to measure velocity of particles in rocket
exhaust.

Because of this specialized use, their system is unique in

several respects, as illustrated in Figure 14.
light geometry is defined by

The incident-scattered

= 30°to 60°and 9 = 180°.

of 0.2mW output serves as the excitor.

A He-Ne laser

The incident and scattered

light are both focused by the same lens with a beam splitter used to
recombine the two onto the incident surface of a Fabry-Perot etalon
that can be electrically driven to scan a narrow frequency range.
tube is used to sense the output intensity of the etalon.

A PM

No hetero-
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dyned signal is sensed, since the reference beam is introduced to give
a known frequency reference to aid in determining the frequency
spectrum of the scattered light.

A difficulty of this system is the

need of a relative calibration of the frequency scanning etalon.

One

very significant advantage of this system is that the etalon is a real
time spectrum analyzer, accomplishing the feat optically rather than
electronically.

The output display is on the screen of an oscillo

scope where the amplified PM tube output is fed to the vertical input.
The voltage ramp that drives the scanning etalon is proportional to the
frequency and is used to supply the horizontal sweep to the oscillo
scope.

This results in a display of etalon intensity vs. frequency

with the frequency of the reference beam being displayed for reference.
The original James instrument was intended for laboratory
investigation only.

It has been followed by a more rugged instrument

that is very similar in principle, developed by Morse et al

[24, 25] for

use on rocket motor test stands.
Each of these Fabry-Perot systems use two PM tubes as a means
of reducing background noise.

The output of the etalon is divided be

tween the two PM tubes by a beam splitter.

The outputs of the PM tubes

are compared and only signals that appear in each output simultaneously
are displayed.

This cancels the majority of the noise at the output of

each PM tube, since most of the noise is generated internally and is
random in nature.

Direct Dispersion Sensing
The sensing of the Doppler shift directly by a dispersion
device has been accomplished by Weber

[12].

In the investigation by
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Weber, a high power pulsed ruby laser was used as an excitation
source.

The incident and scattered beams were focused, the latter

passing through a monochromator and focused at the outlet slit of the
monochromator, as illustrated in Figure 15.

At the outlet of the mono

chromator a silvered glass wedge was placed such that it split the beam
into two beams from the point of focus, each being incident on a PM
tube.

The PM tube outputs were connected such that an output null

occurred when each tube had equal incident illumination.

This was

accomplished by adjusting the position of the silvered wedge.

With

this arrangement a change in frequency of scattered light would result
in a change of angle of refraction in the monochromator.

This in turn

would result in non-equal illumination of the PM tubes and a PM tube
output would occur that was proportional to the change in the fre
quency of the scattered light.
Angular dispersion of the most sensitive monochromators is
small for the small frequency changes that occur from the Doppler shift.
This limits this type of device to very high velocities and reasonably
large scattering angles.

However, the electronics of this system are

frequency-sensitive to the frequency of change of velocity only.
Angular dispersion has definite merit above the upper frequency limits
of PM tubes.

However, the change of frequency associated with the

Doppler shift at low velocities is so small that it would be difficult
to detect by this means.

3
For v = 10 m/sec., geometry for maximum Doppler frequency of
6X10 ^Hz and a high quality grating would give a dispersion of about
3X10
radians in the first order. This Doppler frequency is higher
than can be sensed by PM tubes.
g

4

4
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Fig. 14.--Optical system of James

Fig. 15.--Optical system of Weber

[11]

[12]

CHAPTER IV

DESIGN CONSIDERATIONS

In Chapter II, the important basic theoretical relationships
involved in the laser Doppler instrument were considered.

The re

lationships derived in Chapter II were all based on the idealized
assumptions of a truly single frequency, coherent, collimated energy
source being available for excitation of the transduction process.

No

consideration was given to focused optical paths subtending a finite
solid angle rather than the idealized case of on-axis, "linewidth"
optical paths.

Nor were losses or inefficiencies considered.

idealized cases were presented as a basis for understanding.

These
However,

all of the non-ideal conditions of the real world must be considered in
predicting the performance of a real device.
Where evaluation of the real, non-ideal cases has been accomp
lished by others, their work will be referenced and results only will
be presented here--unless there is a significant need to understand the
details of that work.

Where the analysis of a simplified case will not

detract from the validity of design decisions based on such a simpli
fication, such an analysis will be followed.

Excitation Source
In Chapter II it was assumed that a light source having the
characteristics of being continuous, intense, single frequency, co
herent, collimated and frequency stable was available.
36

Such an ideal
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source is not actually available.

However, certain continuous wave

(CW) gas lasers approach the ideal, within limits.

The limitations of

these characteristics shall now be investigated in the sequence men
tioned above.

These characteristics must be understood in order to

determine the interactions between them and the other elements of the
system.
Continuous wave gas lasers are commercially available which
vary in output power from about one-tenth milliwatt to over one watt.
These lasers are of a number of types which emit light varying from the
infra-red through the ultraviolet portions of the spectrum.

Only those

lasers which emit energy in the visible wavelengths will be considered
here for several reasons.

These reasons are:

1. the difficulty of

alignment and focus of optical elements for energy outside the visible
spectrum; 2. the transmissibility of optical glasses falls off at each
end of the visible spectrum, particularly on the ultraviolet end; and
3. presently available PM tubes of highest efficiency have their peak
spectral response in the visible range.
The two principle types of lasers left to consider are the
helium-neon and the argon-ion lasers.

The helium-neon laser has its

highest output at 632.8 nm wavelength and the argon-ion laser has
maximum output at 488 nm and 514.5 nm wavelength.

The actual laser

power required for excitation is a function of the scattering effic
iency of the scattering particles and the light intensity required at
the sensing surface of the PM tube.

Therefore, further discussion of

the topic will be deferred until the scattering efficiency, optical
system efficiency, and PM tube sensitivity have been examined.
The majority of CW lasers emit a beam that is composed of
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several discrete narrow continuums of frequency.

Each of these

separate continuums is generally referred to as "a wavelength" or "a
frequency".

These instruments can be used as a source of "single

frequency" light by selective filtering of all but one of the con
tinuums which are generated at a significant loss of total power.
There are a few relatively low power lasers that are designed to emit
just a "single frequency" beam.

In the remainder of this analysis it

is assumed that all but one of the narrow continuum "single frequencies'
have been eliminated either by original design or by some means of
selective filtering.
In the field of laser use, a standard nomenclature and abbre
viation have been adopted to state more simply the mode of operation of
a laser.

In addition to the continuums of axial frequency discussed in

the previous paragraph, a laser can oscillate in directions normal to
the axis of the laser beam.
magnetic modes (TEM
).
mnp

These are known as transverse electro

The (m) subscript denotes the modal order in

the transverse horizontal direction.

The (n) subscript denotes the

modal order in the transverse vertical direction.

The (p) subscript

denotes the modal order in the axial or longitudinal direction.

The

total number of discrete frequency continuums as mentioned in the
previous paragraph indicate the modal order in the longitudinal
direction.

Where single frequency operation is of no importance, the

third subscript (p) is dropped.

Gas lasers operate at their highest

output and efficiency when there are no transverse electromagnetic
modes (TEMq q ).

Also, only in this mode of operation is the beam

intensity axially symmetric, which is a desirable feature in many
applications, including the one being discussed.
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Along the path of the laser beam each discrete frequency will
vary in phase with each other.

Where the beam is divided along two

paths, the path length difference between the two paths must allow only
a small phase difference to occur.

Otherwise, when combined, des

tructive interference could occur, or more generally, the combination
would be incoherent due to waves of identical frequency occurring at,
at least two distinct phases at any point along the path.

To define

this more explicitly, the concept of coherence length must be intro
duced.
The coherence length of a laser beam is the length of the
emitted beam over which some specified degree of coherence is main
tained.

To understand this and relate it to the actual phenomena of

laser output and related parameters, the following discussion should
be helpful.
Consider a so-called "single frequency" laser beam (operating
in the TEMqq^ mode) which is actually made up of a narrow continuum of
frequencies.
(f - A f).

Let the limits of this continuum be defined as f and f' =
The basic relationship between frequency and wavelength is

c = fA
where c is the velocity of light.

The phase relationship ( <f>) of the

wave phenomena is defined for the two waves f and f'.
phase at time t = t .
o

(4-1)

Let them be in

For some finite time interval, t = t - t , the
’
o’

waves will have travelled some distance L where

L = c(t - t ) = c A t
o
and

<f> = 27T f At

(4-2)

(4-3)

The two waves will be out of phase by

A(|> = 2 IT [f a t -(f- A f) A t]

(4-4)

= 2TT ( A f A t )

(4-5)

Differentiating Equation (4-1) yields

Af = - —

(4-6)
A

Substituting (4-1) into (4-6) yields

A f = - ^ 4 ^-

(4-7)

A

Again, substituting (4-6) into (4-5) gives

A<j) = 2TT (- —

At)

(4-8)

A

The coherence length (L<j,0
to the phase difference

) is defined as the path length corresponding

&.<p0 .

Substituting Equation (4-8) into (4-2)

yields

M 1A 2
2 rr a A

L

A 4>0 A 2

or

,

L+o= 2it T \

(4"9>

This can be rewritten in terms of frequencies by use of (4-8) and (4-1)
which yield
T

_ A<fr0 C
4*0

(4-10)

2Tt A f

The phase difference ( A<£>0 ) corresponding to the coherence
length has been defined at least two different ways in the literature.
Stroke
Wolf

[26] has defined

[27] and Francon

a

= v/ z

[28] have defined

or a 90°phase shift.
= 2 tt

,

Born and

Either one can
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be used satisfactorily to evaluate the relative value of a particular
laser for a particular application.

Where these definitions for co

herence length are used, the path difference in the associated optical
system must be kept to a value much less than the coherence length to
maintain highly coherent light at the point of mixing.
The collimation or divergence of the laser beam is not a signi
ficant design consideration inasmuch as the beam divergence of all
lasers is very minimal (usually less than 10 milliradians).

If the

beam divergence of the basic laser is too great, the divergence can be
reduced by simple external optics.
The frequency stability of a gas laser can affect the perform
ance of a laser Doppler flowmeter only to the extent that variations
of frequency will cause variations in the Doppler frequency sensed at
the PM tube and thus would cause an apparent change in the velocity as
computed from Equation (2-5).

Evaluation of the derivative of v with

respect to the frequency of the incident light will give the desired
relationship.

Thus,

dv _ dv
df ~ df

df
df

is the resulting euqtion with two derivatives to be evaluated.

(4-11)

These

derivatives can be evaluated from Equation (2-5) which after rearranging
and expressing in incremental form, results in:

From this equation, the apparent velocity error due to variations of
frequency of the incident laser beam can be evaluated directly.
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For example, helium-neon gas laser specifications indicate that
f varies from +5X10^ Hertz (Hz) per day for unstabilized lasers to
+10^ Hz per day for servo-controlled, stabilized lasers.
case of 5X10

10

_ Hz per day results in a av/v ^

error per day from laser frequency variation.

10

-4

The worst

or 0.01 per cent

Since this is a long

term stability figure, errors due to frequency variation over the
length of time required for a single measurement would be much less.
One additional feature of the laser beam from most CW gas lasers
that may be used to advantage in scattering and optical transmission is
its high degree of linear polarization.

In most commercial CW gas

lasers, over 90 per cent of the output is linearly polarized in the
vertical plane.

Transduction Process--Scattering
The light scattering process as outlined in Chapter II illus
trates its primary dependence upon the size of the scattering particles
and the relative index of refraction.

Before the scattering functions

can be determined analytically, the size of the scattering particles
and the relative index of refraction must be known.
The size of the scattering particle used is subject to several
restrictions, the violation of which would introduce error or undeserable additional variables.

It is desirable to have the particle

small enough that the dimension of the particle is small in comparison
to the dimensions of the flow phenomena which is to be observed so that
it will tend to track faithfully said phenomena.

The natural tendency

would be to use particles already present in the fluid-- the fluid
molecules

This would also simplify the prediction of scattered light
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intensity because the simple Rayleigh Theory could be applied directly.
It is well known that fluid molecules exhibit a so-called
"brownian" motion which is independent of the gross fluid motion.
Rather, the brownian motion is a function of the internal thermal
energy (or temperature) of the molecule.

Temperature dependence is

one of the disadvantages of present velocity measurement methods and
should not be introduced into this system unless necessary.
The brownian motion of molecules is understood to be random in
nature and would thus be cancelled out if the fluid velocity was
averaged over a sufficient number of molecules.

However, each

separate molecule will scatter incident light and Doppler shift it
according to its velocity.

Thus, a thermally broadened distribution

of Doppler frequencies will be generated that could mask a spectrum of
Doppler frequencies that were due to gross velocity variations in the
fluid.

This thermal broadening of the Doppler spectrum would at the

very least reduce the resolution of the mean velocity.
To avoid this temperature dependence, the size of the scatter
ing particle should be much larger than the fluid molecule.

By "much

larger" is meant sufficiently large that the rate of collisions with
the fluid molecules will be of sufficient magnitude that the short
term average imparts no detectable motion to the particle.

This

particular requirement would be materially augmented by having a high
density scattering particle that would require a greater energy
transfer per unit induced motion.

This possibility, however, is at

odds with the need for the particle to follow the motion of the fluid.
The density of the particle should ideally have the same density
as the fluid, thus eliminating the effects of buoyancy and its
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associated settling or floating of the scattering particle.

The

inertial effects on a particle in an accelerating fluid stream are
analogous to the buoyancy effect in a still fluid or steady state
laminar flow.

Buoyancy is the result of a pressure gradient due to

the gravitational field of the earth,

in any accelerating fluid

stream, a pressure gradient will be generated along the direction of
the resultant force (or acceleration).

This pressure gradient

generates the buoyant effect upon any particle in the stream with
density different from the bulk average density.

For liquids, this

density criteria poses no problem but for gases a significant com
promise on density must be made.

The density of scattering particles

in gases is not critical because of the buoyancy effect due to gravity
as long as the particle is small.

Gregory

[29j gives the settling

rate or terminal velocity in still air of 2.0>im diameter spherical
particle of unit density as 1.2X10

_2

cm per sec.

This would result in

a negligible tracking error in almost all gas flow studies.
terminal velocity of smaller particles is even less.

The

Inertial con

siderations, however, are a more serious problem where the accelerating
force may be more than one g.

The inertia of microscopic particles

is used as a means of separating them from a transporting gas stream
and is known to be an effective method down to at least O.l^im dia
meter for spherical particles of density equal to that of water

|3Cj] .

The upper limit on size of the scattering particle is a function
of fluid dimension over which it is desired to average the fluid
velocity.

If only the gross mean velocity of a fluid stream is de

sired, a particle diameter equal to the minimum conduit dimension less
a small clearance would be ideal.

Usually, however, the interest lies
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in the detail of velocity profile or turbulence motion of the fluid.
Where velocity gradients are large or fine scale turbulence is of
interest, the particle size must be reduced accordingly.

The par

ticle size must be small enough that the force averaging over the
surface of the particle will not mask the detail of interest in the
fluid stream.
A more severe restriction on the upper limit of scattering
particle size is dictated by the mode of operation of the scattering
system and the fluid volume over which the scattering is sensed
(scattering volume).

The dimensions of the scattering volume are

usually as small as possible to minimize the distance over which the
velocity is averaged.

There are lower limits placed upon this

minimum volume by the optics in the excitation beam which will be dis
cussed in a later section.
There are two distinct modes of operation of the scattering
process.

One mode is where the size of the scattering particle is

near or larger than the scattering, volume.

In this mode of operation

the velocity averaging over the scattering volume is accomplished by
the summation of forces on the particle being the vector average of
adjacent molecule velocity vectors.

Since there would be no more

than one particle in the scattering volume at any one time, due to
the particle size restriction of this mode, there would be only a
single Doppler frequency being generated at any one instant which
would be ideal from the standpoint of frequency resolution.

However,

when there is no particle in the scattering volume, the Doppler fre
quency would be zero, thus making the output operating in such a mode
discontinuout in time.

This would create difficulties in measuring
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the Doppler frequency and displaying the results.
The discontinuous nature of this mode of operation could be
partially overcome by having a high concentration of scattering par
ticles in the fluid.

However, this would tend to alter at least some

of the physical characteristics of the fluid such as viscosity, speci
fic heat or thermal conductivity due to the averaging of the character
istics of the fluid and the particles.

Thus, the concentration of

scattering particles is a function of acceptable deviation of the
physical properties of the fluid.
The second mode of operation is where the scattering volume is
of such size that it represents the minimum dimension of interest.
The concentration of scattering particles must be sufficient such that
there are always several particles in the scattering volume, thus
causing the mean velocity sensed to be averaged over the several par
ticles in the sensing volume.

The averaging process occurs not at the

particle but in the display or readout method employed.

Where

several particles are in the scattering volume simultaneously, each
will scatter light and Doppler shift it according to that particular
particle's velocity.

Thus several frequencies will be sensed which

will cause a broadening of the frequency spectrum displayed.

When the

particle size and density are such that the particle will follow the
turbulent motion, the broad range of velocities present in the
turbulent flow will likewise cause a broadening of the frequency
spectrum.

Welch and Tomme [31] , among others, have developed methods

for analyzing the turbulence content of a laser Doppler frequency
spectrum.
In choosing between the two modes of operation, it is felt that
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the latter mode is the more desirable for reasons covered in the
discussion of Display Electronics.
Another complication of particles for gas flow studies is the
common usage of open return flow in many wind tunnel systems.
toxicity and inertness also become significant factors.

Thus,

Rolfe et al

have made an extensive investigation into this particle need and have
not found a reasonable solution (l3j .
Inertness is most commonly used in the chemical sense but in
addition to being chemically inert the scattering particle must be
inert to extraneous physical influences as well.

Of particular import

ance in this area is the need to minimize as much as possible the
potential for electrostatic attraction or repulsion.

The electro

static forces generated by fluid flow over the surface of the flow
conduit are usually small but could be especially serious in boundary
layer investigations.

Many plastics are particularly notorious for

their ability to generate and hold a large electrostatic charge.
Where no reasonable substitute for plastic is available, a transparent
conductive coating on the fluid side should be considered which should
be grounded to earth potential to minimize such influences.
The index of refraction of the scattering particle is a signi
ficant factor to consider inasmuch as the scattering efficiency is a
function of the difference of index of refraction between the particle
and the surrounding fluid.

The scattering efficiency is proportional

to the square of this difference of index of refraction for Rayleigh
scattering [6] .

For other regimes of scattering, the functional

relationship is more complicated but the efficiency always increases
for an increase in the relative index of refraction.
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There is the probability of some multiple scattering of light
reaching the opto-electronic detector.

There are two significant

phenomena that work to minimize the effect of multiple scattered light.
The first is the low scattering efficiency of particle scattering on
a per particle basis.

The high intensity of CW gas lasers allows the

use of dilute concentrations of scattering particles with a typical
decrease of intensity of several orders of magnitude in each scattering
process.

Thus, any secondary scattering that may occur is of extremely

low level.
The second consideration is that secondary scattering is detri
mental only if the frequency of the scattered light is Doppler shifted
at the time it is scattered.

By referring to Figure 5 and Equation

(2-9), it can be seen that light which is scattered by a particle but
continues on in the same direction (9 = 0) is not Doppler shifted.
Any scattered light travelling toward the sensor and then scattered a
second time will be Doppler shifted by a significant amount only in
directions that are appreciably different from the light path incident
to the second scattering.

Light such as this will usually be blocked

out of the optical path by the same means used to eliminate background
light (see Transmission Optics).
For the same reasons stated in the above paragraphs, any light
that is scattered in the incident beam outside of the scattering
volume is also of little consequence.

It will usually add to the

background light only, which must be blocked from entering the sensing
optics.
The actual dimensions of the scattering volume will be discussed
in the section, "Transmission Optics".

There are, however, several
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other considerations of the scattering volume which are influenced by
the characteristics of the laser.

Typically, laser beams are not of

uniform intensity, but have gaussian radial intensity distribution.
The manufacturers usually state the beam diameter based on the radius
at which the intensity is equal to e
the center of the beam.

-2

times the peak intensity at

When this beam is focused to a point, it re

tains the gaussian radial intensity distribution.

In the axial dimen

sion, there is also an intensity distribution due to the reducing
area of the focused beam.

This will reach a maximum at the axial

point of focus on the axis of the beam.
The focused incident laser beam cannot be focused to a true
point but only to some minimum radial dimension.
explicitly in a later section.

This will be defined

At this position of minimum radial

dimension will occur the maximum incident intensity with the above
mentioned gaussian radial distribution.

Thus, the scattering intensity

will vary over the scattering volume with the maximum coming from the
center of the volume.

Therefore, the effective size of the scattering

volume could be somewhat less than the actual geometric scattering
volume.
For all regimes of scattering, the scattering efficiency and
thus the scattering intensity is a function of the angle between the
incident and scattered beams (0).

However, the scattering intensity

can also be controlled by the particle size, concentration, and
relative index of refraction, which allow the scattering angle to be
adjusted to control other factors.
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Transduction Process--Doppler Shift
The magnitude of the Doppler shift is dependent upon the
velocity sensed and the geometry of the system as was developed in
Chapter II.
The upper limit of Doppler frequency is defined by the upper
frequency limit of the photo-optical sensor used and the associated
electronic signal conditioning and display equipment.

The lower fre

quency limit of the Doppler frequency should ideally be zero.

How

ever, difficulties arise in being able to resolve frequencies near
zero and typically, electronics used for high frequency work are AC
coupled and have a lower frequency limit from twenty Hz to several
hundred Hz.

Thus, once the maximum velocity of interest is known and

the frequency bandwidth of the electronics is defined, the geometry
can be adjusted to keep the maximum Doppler frequency within these
limiting factors by use of the equations developed in Chapter II.
The nature of the incident laser beam, or excitation source,
will have the effect of broadening the spectrum of Doppler frequencies
due to a geometrical consideration.

The incident laser beam is

focused to a point at the location of the desired velocity measure
ment to minimize the scattering volume and the associated averaging
over the scattering volume.

In so doing, the incident beam is

incident over some finite solid angle.

At a point of observation

somewhere in the path of the scattered light of interest, there will
be incident scattered light which has been scattered over a range of
angle equal to the included angle of convergence of the incident beam.
Inasmuch as the Doppler frequency is a function of the scattering
angle, a continuum of frequencies will be generated from the continuum
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of scattering angles defined by the converging incident beam.

To

minimize this continuum broadening of the scattered light, the angle
of convergence of the incident beam must be kept small.

Optical System--Excitation Transmission
The actual geometry of the laser Doppler velocimeter system
has not been defined yet since there are basic optical principles and
interrelationships that apply which must be investigated in order to
determine the optimum relationships of the elements and their geo
metrical relationships.
It will be understood throughout the following sections that
optical elements discussed will be of a design that minimizes spherical
aberration.

The other monochromatic aberrations of lenses are rela

tively unimportant because of on-axis, small aperture use; and
chromatic aberrations are of no concern because of the monochromatic
light source used.

It will also be understood, unless stated to the

contrary, that all transmission elements will have a high quality
anti-reflection coating on all optical surfaces optimized for the
light wavelength used.

All reflection elements will be first-surface

coated and have a reflectance

of 99+ per cent.

Beam splitters will

be dielectric coated for optimum characteristics for the wavelength
used.
Typical CW gas lasers have beam diameters based on the e

-2

intensity points ranging from 0.5 mm to 4.0 mm at the exit of their
standard optics.

This same exit beam is usually found to have an

intensity profile that is generally gaussian but not a smooth gaussian
distribution.

The laser beam is also not always highly collimated.

External optical elements are available from the laser manufacturers
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to expand, collimate and smooth the intensity profile of the beam.
The minimum exit beam diameter as mentioned above is large
compared to the dimensions of a desirable scattering volume.

It is

desired to concentrate all of the laser beam into the scattering
volume to obtain maximum utilization of the available laser power.
This requires that a converging or focusing element be placed in the
laser beam.

This will focus the collimated laser beam to a minimum

diameter at a point one focal length from the focusing element or lens.
The actual limiting value for the diameter of the focused laser
beam at the point of focus is given by the first zero of the Airy
diffraction pattern [1.5] , which is
*-f
da = 2 . 4 4 A ^

(4-13)

where d^ is the minimum beam diameter at the point of focus (at the
zero intensity points), 1^ is the focal length of the lens, and D is
the laser beam diameter entering the lens.
upon several conditions, which are:

This equation is based

a large aperture to wavelength

ratio, small angle of inclination of the optical rays to the optic
axis, uniform illumination over the aperture D, and plane wave fronts.
It can be seen at once from Equation (4-13) that a short focal length
lens of large aperture to accomodate a large diameter beam will allow
the formation of the smallest beam diameter.

However, this combination

of aperture and focal length will form a convergent beam of large
included angle which will cause an increased broadening of the Doppler
frequency, as discussed in the previous section, and will violate one
of the above assumptions.

Equation (4-13) defines a minimum beam dia

meter and would not be realized with real optics due to manufacturing
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imperfections and monochromatic aberrations, particularly spherical
aberrations.
As was pointed out in Chapter II, an undisturbed (no Doppler
shift) laser beam is necessary to combine with the scattered light to
accomplish the heterodyning process at the mixing surface.

For

reasons to be explained in a later section, the axis of the reference
beam and the scattered beam must be the same to achieve optimum
heterodyning.

This requirement makes it necessary to have at least

one beam splitter in the system.

The beam splitter may be placed in

the optical path prior to the scattering volume to form a reference
beam that can be so oriented with mirrors that its axis coincides with
the axis of the received scattered light.
the method of Goldstein and Kreid

This would be similar to

[22] (see Figure 13).

The other

possibility is to use the unscattered portion of the laser beam after
it has passed through the scattering volume and redirect it and com
bine it with the scattered light with a beam splitter similarly to the
geometry of Foreman et al

[l8] (see Figure 12).

The actual reflectance of an uncoated beam splitter (uncoated
optical glass window) with incident light polarized normal to the
plane of incidence can be computed from the following equation [l5]
R _ sm (
-y )
R
2
sin ( tp 4- i|>')

(4-14)

where R is the reflectance (the fraction of incident intensity
reflected and vp and p 1 are the incident and refracted angles,
respectively.

The intensity of refracted or transmitted light for the

same incident conditions as above is [l5]
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4n' sin^ Ip1 cos^ p
n

(4-15)

sin^ (ip + ip')

where T is the transmittance, n and n' are the indices of refraction
of the two mediums, and ip and vp ' are defined as in Equation (4-14).
Figure 16 illustrates the geometry and definitions of the two above
equations.

For the refracted or transmitted beam, there will occur

and internal reflection at the exit of the beam from the beam splitter.
This can be evaluated by use of equation (4-14) with the cp and ip '
exchanging position.

The angle Ip' can be determined by use of

Snell's Law:
sin ip _ n '
sin tp '
n

(4-16)

Uncoated beam splitters and other optical elements often do
not have the required reflectance and transmittance values.

Anti-

reflective or reflective coatings are used on the optical elements
where the glass alone does not have the desired properties.

Anti-

reflective coatings are one or more layers of transparent dielectric
material of indices of refraction intermediate between that of air and
that of the optical substrate; each successive layer having an incre
mental change in the index of refraction.

Where the change in index

of refraction is small at a boundary, the reflectance at that boundary
will be small.

Choice of coating thickness equal to

^/4 will create

destructive interference within the coating to reduce internal
reflections.

Multiple layer anti-reflection coatings are now available

for R < 0.0025 at normal incidence.

Anti-reflective coatings can be

analyzed by successive application of Equations (4-14) through (4-16)

Fig. 16.--Geometry of reflected and transmitted light polarized in the plane of incidence

Ln
Ln
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for each dielectric layer.
Reflective dielectric coatings are available for R > 0.99+.
Reflective dielectric coating performance can likewise be analyzed by
application of Equations (4-14) through (4-16).
Metallic reflective coatings are not considered because of the
phase change and polarization changes that occur at the reflection
from a metallic surface.
Beam splitters are not often used with a low reflectance value
because a second reflected image is formed by the transmitted light
on the opposite surface of the beam splitter.

However, when a beam

splitter must be used to form a reflected beam of low intensity
( R < < 1), the second reflection can be made harmless by making the
beam splitter wedge-shaped.
large enough

The included angle of the wedge must be

that the two reflected images are completely separated

before the first reflection reaches the next optical element.

The

unwanted reflection is thus reflected out of the optical path at the
expense of a prism effect that changes the direction of the optical
axis and the wedge will have a finite dispersive power.
Where a beam splitter is used to combine two optical paths into
one, one beam is transmitted with a portion being reflected away, and
one beam is reflected with a portion being transmitted away into the
single path.

For two equal intensity beams, to maintain the same

intensity ratio, the reflectance must equal the transmittance or
R = T = 0.5.
of the beams.

This will cause a 50 per cent loss of intensity to each
Applying this method of recombining beams to the laser

Doppler velocimeter would reduce the scattered intensity by one-half,
which is a serious compromise.
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If the beam splitter is used as an element to separate the
reference from the incident beam, only internal reflections are
losses to the usable intensity.

The reference beam should have an

intensity greater than that of the scattered light at the mixing or
heterodyning surface.

This would necessitate a low reflectance wedge

beam splitter as discussed above, if the reference beam is the
reflected beam.

However, a standard (no wedge) high reflectance beam

splitter could be used by having the transmitted light the reference
beam and the reflected beam the incident beam.

This latter beam

splitter would be a readily available item as opposed to the low
reflectance wedge-type and would afford an approximately 100 per cent
improvement in scattered intensity available at the mixing surface.
When scattering angles (0) less than twenty degrees are
desired, there is the probability of an internal total reflection
occurring in the beam splitter due to achieving the critical angle on
the beam splitters' second surface.

For this reason the exact geo

metry of Goldstein and Kreid is unsatisfactory.
The analysis and the equations used to evaluate beam splitters
can also be applied to the windows or transparent walls of the flow
conduit.

Where air is the fluid of interest in the velocity measure

ments, the effect of the test section windows will be only a trans
verse displacement of the optical axis as shown in Figure [l7].

Where

the fluid inside the window has an index of refraction not equal to
air, there will be an angular displacement as well as a transverse
displacement of the optical axis due to the dissimilar indices of
refraction on opposite sides of the window.
illustrated in Figure 18.

This condition is

For the general case of Figure 18, the
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Fig. 17.--Displacement of optical path due to
refraction at other than normal incidence

Fig. 18.--Displacement of intersection of excitation
and reference beams due to multiple indicies of refraction
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effect of refraction by the fluid and windows must be evaluated and
Equation (2-9) modified accordingly.
Point (A) of Figure 18 would be the position of the scattering
volume if there were no boundary refractions in the optical paths.
However, because of boundary refractions, the position of intersection
of the incident and reference beams (scattering volume) is moved to
position (B) in Figure 18.

Also, the angle of incidence of the

excitation beam has been altered by the boundary refraction and like
wise the angle of the reference beam has been changed by refraction.
The effect of these angular changes must be evaluated to determine
the form of the functional relationship between the fluid velocity
and the Doppler shift of the scattered light.

The geometry in Figure

18 is for & = 90° and 9 being arbitrary (9 = + ").

Equation (2-9),

in terms of the definitions of Figure 18, thus becomes:

(4-17)

From Snell's law (Equation (4-16)) and the geometrical relationships
of Figure 18, it can be shown that:

Substituting this value for ip " into Equation (4-17), we obtain the
equation relating the fluid velocity to the Doppler frequency for the
conditions of Figure 18:

D

A" n"

(4-18)

This, however, is not in a convenient form because the wavelength of
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the incident (excitation beam) will change according to the index of
refraction of the medium in the flow section.

The relationship be

tween wavelength and index of refraction is
A o no

A" =

(4-19)

_ If

where the subscript (o) indicates the conditions in a vacuum (n
and the primes refer to the states as in Figure 18.

= 1)

Thus,

substituting Equation (4-19) into (4-18) results in:

(4-20)

The actual position of the scattering volume ( B ) relative to
the projected position (A) in Figure 18 can be shown by simple
trigonometric relations to be

^ _ t [:a n if> - ta n s i n

sini^J

+ a ta n tf

^

tan [sin"1!!" sin*]]

where £ is the shift of position of the point of focus, t is the
thickness of the material of index of refraction, n', and a is the
position of "A" relative to the inside surface of the material of n'.
It is assumed that the materials of index of refraction n'
(windows) have optically flat, parallel surfaces and thus introduce
no lens or prism effect.

Any other surface contour of the windows or

ports in the fluid conduit, such as cylindrical tube surfaces, would
introduce severe distortions to such a focused incident system.
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Optical System--Receiving Optics
The function of the receiving optics is to gather the desired
amount of light scattered from particles within the test section only,
mix it with the light from the reference beam, and transmit this mix
ture to the opto-electronic detector (photomultiplier tube) where the
mixture of the two beams can be converted to an electrical signal.
The intensity level of the scattered light is relatively low and
therefore, the gathering of this light and its efficient transmission
are of prime importance.
The scattering volume, as discussed previously, is small and
will be considered a point source for the purposes of this analysis.
Therefore, the useful scattered light can be considered as that which
is contained within a right circular cone of solid angle -ft-.

As was

discussed previously, there will be a broadening of the frequency
spectrum of this light which is proportional to the receiving lens or
%
screen aperture, which is proportional to-ft- .
desirable to keep _fl small.

For this reason it is

However, the scattered light intensity

available at the photomultiplier tube (PM tube) is proportional to
the magnitude of-TL.
large.

For this reason it is desirable to have -H-

Referring to Figure 19, the geometrical relationships are

or, rearranging in terms of A 9 as the dependent variable:

(4-22)

From Equation (4-20) the derivative df^/dO is found to be:
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Fig. 19.--Geometry of Excitation and Scattered Light Optics
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dfL
nv
9
_P = — cosy
d0
A0
1
From Equations (4-22) and (4-23),

(4-23)

A f ^ / A 9 can be computed as follows:

df
D
nv p
|co
A© =
* fD = d9
>b

(4-24)

Equation (4-24) can be non-dimensionalized to be in an easier to com
pute and more meaningful form by dividing by Equation (4-20), which
gives the result
AfP = A 9
fD

tan9

=

D

(4-25)

r tanQ

where P is the diameter of the receiving lens or screen.
The effect upon the instrumental frequency broadening of the
finite aperture of the excitation optics can be combined with Equation
(4-25) to obtain the overall effect of finite aperture optics in the
whole system.

At any particular scattering angle (9) light is re

ceived that has been scattered over a range of angles equal to the
included angle ( A 9 1) of the cone or solid angle of the incident
focusing lens.

This, in effect, adds a +A9'/2 to the range of

scattering angles A 9, thus giving an actual range of scattering
angles A 6+

0'/2 or A 9 + A0'-

Equation (4-25) can thus be

modified to give
Afp

fp

=

i_rp

P H

tan9|_r r'J

(4-26)

where P' and r' are the aperture diameter and focal length,
respectively, of the incident beam focusing lens.
The light passing through the receiving optics must be incident
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upon the photo-cathode of the PM tube which is the mixing surface.
The scattered light and reference light beams must be transmitted to
the PM tube, but all background and other extraneous light should be
excluded.

The exclusion of unwanted light can be accomplished by-

use of multiple stops in the optical path or a focusing lens to define
the light within the solid angle JfL and focus it upon the PM tube
photo-cathode.

There are advantages and restrictions to each method.

The principle advantage of the focused system is in a situation
where the required distance from the scattering volume to the PM tube
makes the area of the necessary solid angle -TL larger than the sensi
tive area of the PM tube.

A lens can be used to converge the light

within JH- down to the area of the PM tube.
Figure 20.

Such a system is shown in

At least one stop placed on the object side of the

collecting or focusing lens, as shown in Figure 20, will significantly
reduce any background light.

When the stop is placed as in Figure 20,

it will also reduce the off-axis area of the focal plane that can
radiate into the lens system.

Once the solid angle of scattered

light that is to be used is determined from the material previously
covered, the minimum object distance (1^) is established, and the
diameter of the PM tube photo-cathode is known, the geometrical re
lationships and the focal length of the lens can be computed.

From

the fundamental relation between focal length, object distance, and
image distance for a thin lens, it can be shown that the optical and
geometrical relations are
1

1

lr

f

1

.
r

li
1

hn
1

°2

|_D i -

(4-27)
]

+

d2J

1

Fig. 20.--Focused scattered light receiving optics geometry
Ln
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where 1^ is the lens focal length, 1^ is the object distance, h is the
lens to PM tube distance and
tube diameter, respectively.
lens aperture

and

are the lens aperture and PM

These are all defined in Figure 20.

The

can be computed by knowing 1^ and the required

solid angle:

The disadvantages of such a system are the transmission losses
through the lens and some loss of coherence due to the spherical
aberration of the lens.

The spherical aberrations can be minimized by

keeping the solid angle of acceptance small and the focal length of
the lens large.
The use of multiple stops without any lens elements can be used
as receiving optical path system at an advantage under one particular
condition.

Where the cross-sectional area of the necessary scattering

solid angle is small enough at the position of the PM tube photo
cathode that all of the light within the solid angle falls upon the
photo-cathode, no lens elements are necessary.

Eliminating the lens

eliminates also the lens transmission losses and simplifies the
optical alignment.

A minimum of two stops are required to confine the

light striking the photo-cathode to those rays within the solid angle
of interest.

Figure 21 illustrates this system.

The first stop plus

the photo-cathode actually are sufficient to define the desired solid
angle but the second stop is desirable to reduce internal reflections
from light passing through the first stop, which light originated out
side of the optical path of interest.

To minimize internal reflections,

additional stops could be helpful, depending upon the ratio of diameter

Fig. 21.--Effects of stops and tube diameter

O'
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of the stop to the tube in which they are mounted.

Below the optical

axis in Figure 21 is shown the improvement achieved by increasing the
inside diameter of the tube.

Reducing the diameter of the stop and

moving the stop closer to the point source will reduce the amount of
background light that will pass through the system.

However, as the

diameter of the stop is reduced, diffraction of the light rays in
creases.

This will reduce the intensity at the photo-cathode of the

PM tube which is undesirable.
Where the optical system must accommodate the scattering volume
traversing some conduit, the first stop or other optical element must
be placed a sufficient distance away to avoid physical interference
between the velocimeter and the flow conduit.

To assure this feature,

the distance (normal to the flow system axis) between incident and
reference beam elements, and the receiving beam elements must be at
least twice the outside width of the flow conduit.

This requirement

will automatically limit the proximity of a stop to the scattering
volume, thus requiring the first stop to be large enough that
diffraction would be insignificant.
A typical example would be a flow conduit of 10 cm width.

This

would place the first stop at least 10 cm from the scattering volume.
For an included angle of two degrees for the solid angle of the
scattered light received, the first stop would be over three milli
meters in diameter.

This is large enough that diffraction would be

insignificant.
Transmission losses and refractions at interfaces of the differ
ent media can be analyzed according to the procedures outlined in the
previous section inasmuch as they are essentially identical to the
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same factors that influence the incident optical system.

Opto-Electronic Transduction
The only realistic choice available for the opto-electronic
transduction is that of mixing the scattered light and a reference beam
on the photo-cathode of a photomultiplier tube.

As was covered in

Chapter II, the Fabry-Perot etalon and direct dispersion sensing have
severe resolution limitations that restrict their use to very high
Doppler frequencies.
The analysis of the mixing of a Doppler shifted light beam and
a reference frequency light beam by superposition to accomplish hetero
dyning, as was presented in Chapter II, is the basis of this method of
detection.

The mathematical treatment from Chapter II is based upon

the assumption of two coherent, single frequency, plane wavefronts that
are uniaxial being incident upon a photo sensitive detector surface
(the photo-cathode of a photomultiplier tube) that is normal to the
axis of the optical path.

Any deviation from the ideal of these

assumptions will reduce the efficiency of the heterodyning process.
The spot size or area of incidence of each of the two beams is
extremely important and is directly related to the requirement that the
beams be uniaxial.

Only the area in which both beams are incident will

be where the mixing and heterodyning take palce.

If there is any

sensitive area of the photomultiplier (PM) tube that is illuminated by
only one beam, the PM tube will sense that light which will contribute
to the D.C. level of the PM tube output.

This is because the light

frequency is above the upper frequency limit of the PM tube.

Since

there is a finite limit to the total power input for linear operation,
any unnecessary D.C. contribution will limit the range of the power
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input remaining for the oscillating heterodyned signal.

These factors

indicate that extreme care should be taken in aligning the beams to
obtain maximum possible coincidence, since maximum utilization must be
made of the scattered light available.
The degree to which the two beams depart from being uniaxial is
also of great importance inasmuch as this produces a variable phase
relationship across the width of the PM tube.

If we consider two opti

cal paths containing single frequency, plane wavefronts coincident
upon the PM tube photo-cathode with some finite angle between them, the
effect can be examined.

This situation is illustrated in Figure 22.

Wavetrain AA is considered incident at an angle ^
cathode of the PM tube.

to the photo

Wavetrain BB is incident on the photo-cathode

of the PM tube at an angle if ^ to the axis of the PM tube.

At the

lower edge of the PM tube, two waves are coincident in time but differ
from one another by the angle ipg - if

^

t^ie ^ar s^ e

the ^

tube there will be a distance (ifg - if ^)D between the two waves.
This would correspond to a time lag of
of (2tt ( ipg - vp^)D)/?s

radians.

'fgD/A

or a phase difference

Stating this in equation form, the

angle between the two beams will be

n

- n

-

M

where 4s is the phase difference in radians.
as previously defined.

<4-30>
The other symbols stand

Rolfe et al [13] state that due to complete

destructive interference, no heterodyning will occur (heterodyning
efficiency equal to zero) for a phase difference of TT , thus requiring
the actual angular misalignment to be much less than "IT .

Assuming a

phase difference of TT/10 would be tolerable, the corresponding allow-

Fig. 22.--Alignment of receiving optics and photomultiplier tube
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able angular misalignment would be 0.2 arc seconds for
D = 25 mm.

A = 488 nm and

To expect achievement of this order of angular alignment is

unrealistic.

However, the angular error limit can be relaxed by re

ducing the diameter of the beams incident on the PM tube.

The limiting

case for the minimum diameter would be that of the Airy disc.

By sub

stituting the value for the diameter of the Airy disc from Equation
(4-13) into Equation (4-30), the following relationship is obtained

=
'A

(4-31)

4> D
4.88ltlf

where D is considered the useful aperture and 1^ is the focal length of
the converging lens.
Ipg -

For D = 25 mm as in the previous example,

= 0.187°, which would be a relatively simple tolerance to

achieve.
In the preceding discussion of relative alignment of the two
optical paths incident on the PM tube, nothing was said about the mag
nitude of l|7

or ip , but only the angular difference was considered.

The effect of misalignment to the axis of the PM tube must also be
examined and evaluated.

If the angular difference between the two beams

satisfies the phase difference criteria of the previous paragraph, it
will be assumed that the PM tube will "see" the heterodyned signal or
Doppler frequency of the two combined beams as defined by Equation
(2-24).

However, if the wavefront of the combined beams is not normal

to the axis of the PM tube, a situation similar to that of the previous
paragraph occurs.

In this situation, it can be thought of as phase lag

of the wavefront across the face of the PM tube.
22, assume beam BB is the combined beam (
(4-30) then becomes

Referring to Figure
^ ^ 0).

Equation
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II,

=

r D
where if/

ilAj2
2 ttD

(4-32)
'

v

is the allowable angle of incidence of the Doppler frequency

wavefront, <j> is the allowable phase lag across the width of the beam
"D", and

^ is the wavelength of the Doppler frequency. The Doppler
£
wavelength is about 10 times longer than the wavelength of the inci
dent light.
It is not 10

Thus, the allowable angular misalignment is much relaxed.

6

times greater due to the limitations imposed by the small

angle approximation in phase equation (Equation (4-30)).

Thus, the

uniaxial requirement is by far the most severe requirement of receiving
optics alignment.
The frequency bandwidth requirement for the PM tube is primarily
that the frequency response must be high enough to have the maximum
Doppler frequency below the beginning of the high frequency roll-off
of the PM tube response.

The maximum Doppler frequency can be deter

mined from Equation (2-9), the light wavelength, the optical geometry
and the maximum expected instantaneous velocity to be sensed.

The

total expected frequency spectrum must be within the "flat" response
of the PM tube to avoid distortion of the frequency distribution and
the equivalent velocity distribution.

The higher frequency terms that

appear in the heterodyning equation (Equation (2-23)) are of no consequence inasmuch as they are of the order of 10

14

Hz, which is far

beyond the range in which PM tubes can sense variation in intensity.
The operation of a photomultiplier tube can be conveniently
subdivided into several stages.

The first one, that of detection, is

accomplished by any of several substances that emit electrons when
exposed to incident light.

The photo sensitive substance is usually
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deposited on the inner surface of a flat window.

The second stage of

operation is that of focusing the electrons emitted by the photo
cathode onto a secondary emission surface.

The third stage is that of

successively multiplying the electron flux by a series of secondary
emission devices called dynodes.

This is accomplished by an increasing

electrical potential between each successive dynode.

And the fourth

stage of operation is to collect the electron flow at the anode where
it is conducted out of the tube to the associated circuitry.
The PM tube signal output is related to the light intensity by
the following relationship
XPM

SA IT

(4-33)

where i_„ is the current output of the PM tube, S. is the overall senPM
A
sitivity of the tube (the radiant sensitivity of the cathode multiplied
by the dynode gain) which is called the anode sensitivity, and 1^ is
the total incident light intensity.

The 1^ considered here is the 1,^

of Equation (2-24) and does not include any extraneous light incident
upon the PM tube.

The actual magnitude of the PM tube output due to

the incident light is not as important as is the signal to noise ratio
at the output of the PM tube.

If the signal magnitude is low but with

a high signal to noise ratio, the signal magnitude can be amplified to
the desired level whereas a low signal to noise ratio will be main
tained as such with or without additional amplification.

If the noise

is of a significantly different frequency than that of the signal, it
can be removed by filtering.

The best procedure, however, is to have

the signal to noise ratio high.

Therefore, the characteristics of the

PM tube operation will be investigated from the point of view of signal
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to noise ratio rather than signal magnitude only.
There are two sources of undesirable types of output associated
with the PM tube operation.

The first of these types is a direct

current (DC) output stimulated by other than the optical signal inten
sity.

The second is random frequency, random amplitude noise that

originates within the PM tube and which is unrelated to the optical
signal input.
The undesirable DC stimuli are background light incident upon
the PM tube and internal electron stimulation within the PM tube, not
associated with the incident light, which is called "dark current".
The background light can be minimized by stops in the optical field
and a narrow band transmission filter over the photo-cathode to filter
out frequencies other than those associated with the reference and
scattered light beams.

The dark current will be present when no light

is incident upon the PM tube.

The dark current is generated by

thermionic emission from the cathode, fluorescence in the glass, and
radioactive emission from within or without the PM tube.
The noise associated with PM tubes is caused by the following:
1. random fluctuations in the electron current (shot noise), 2. thermal
motion of the conducting electrons in the external load resistor
(Johnson's noise), and 3. the incident photon flux (quantum noise).
Johnson's noise is often referred to as "white noise" because of its
fairly uniform level over wide frequency ranges (as opposed to black
body thermal radiation which follows Plank's law).

The shot noise

increases materially with increased current flow in the PM tube but the
others are relatively invariant with the level of operation of the PM
tube [32] .
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Rolfe et al

[l3] have done a thorough analytical and experi

mental investigation of the use of the PM tube as a mixer and heterodyne detector.

Their work will be summarized here and will be the

basis for choice of a PM tube for this application.
The shot noise and Johnson's noise can be predicted from the
characteristics of the PM tube and its environment but all other
sources of noise and extraneous signals are random and cannot be pre
dicted.

The total current emitted by the cathode in response to the

incident laser light (excluding background light) is given by multi
plying the cathode sensitivity by the total incident light intensity as
given by Equation (2-24)

i
c

sc

where i^ is the cathode current,

2^ILOIs c ^

C O S 60

(4-34)

is the cathode sensitivity and the

other terms are as they have been defined previously.

The shot noise

current is given by
(i )2 = 2e
n c

A

fi
c

e * f Sc [TL0 + h e + 2(IL0Isc>i

<4-35>

where (i ) is the shot noise current at the cathode, e is the quantity
n c
of electron charge, and A f is the frequency bandwidth.
The Johnson's noise current is given by the Nyquist formula
[32] as

where R is the anode load resistor, K is Roltzman's constant, and T is
the absolute temperature of the load resistor.

Where Ri& >1 0.5/G,
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where G is the dynode gain, the Johnson's noise is insignificant.
Typical gains are on the order of 10^ which would require Ri ^5X10
3.

Where i is of the order of 0.1 ma, this is easily achieved,
a
J
Since the noise current is a random frequency, random amplitude
signal, it is measured by its total power or heating effect over the
bandwidth

Af.

2
This total power is measured by ^i

where

2
^i ^

is

the mean square current and R is the resistive component of the circuit
impedance.

Averaging i

2

to obtain the mean square noise current

yields
= e Af

Sc^IL0

he*

(4-37)

since the average value of cos cu^t is zero.
The heterodyne of A.C. signal component of the cathode current
is
i
c

(4-38)

Sc<‘IL0Isc

The mean square current of this heterodyne signal is

<(ic)Z>

= Sc 2U L0Isc)

since the mean square of cosoo^t is one-half.

(4-39)

The resistive component

of the circuit impedance is the same for each of these two terms and
thus the signal to noise ratio becomes

_ sJ zloxs<7

SL

((ic2)n> =

%

+

V

The signal and the noise will be amplified in the dynode chain of the
PM tube and some additional noise will be generated in the dynode chain,

thus altering the above expression to yield

Lll\ =

s\ =
Sc ^ILOIsc^
N/A ~hlNjc ' h e ^ f(IL o + ^

= Q~
h ' r- 1

where O' is the average gain per stage of the PM tube

(4-41)

[33] .

It is desired to maximize the signal to noise ratio.
terms in Equation (4-40) are constants except I

and Isc«

All
Thus, it

is desirable to maximize the quantity

q

(4-42)

IL0Isc
IT_
LO + Isc

Equation (4-42) indicates that if I

sc

or IT„ is increased while the
LO

other is held constant the signal to noise ratio will increase.

This

would be increasing the input power or increasing the transmission
efficiency, which are both trivial cases.
By rewriting Equation (4-42) as 1/q and noting that I

=

(It - 1^0 ^ ’ w^ere k is the scattering efficiency and Lp is the total
input intensity, the first and second derivatives of 1/q can be
obtained and the resulting minimum of 1/q (a maximum of q) is found to
exist for
Vk IL0

IT

h

O

(4-43)

Where the scattering efficiency of the system can be determined
analytically, Equation (4-43) specifies the proper magnitude of refer
ence beam intensity to give maximum signal to noise ratio for the
system.
The PM tube operation is severely affected by environmental
magnetic and electrostatic fields.

To minimize the effect of these
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influences the PM tube should be operated only in a mu-metal shield,
to minimize magnetic effects, and the shield maintained at cathode
potential, to minimize electrostatic effects

[32].

It is also important that the PM tube never be operated in day
light conditions.

The PM tube may be exposed to daylight if there is

no voltage applied to the tube.

However, there will be an excessively

high dark current for 24 - 48 hours after the exposure.

To minimize

these problems, the magnetic shield should contain a narrow bandpass
filter centered on the laser frequency.

To avoid operation in daylight,

an interlock provision should be provided so that the PM tube power
supply must be disconnected before the tube shield and the bandpass
filter can be removed.
The actual operating characteristics of the desired PM tube can
be

determined strictly on the basis of the anode sensitivity and

spectral response which will give a satisfactory output signal for the
incident intensity and light wavelength.

The standard S-20 spectral

response has the highest efficiency of all response types for commer
cially available CW gas lasers operating in the visible spectrum.
Photomultiplier tubes of S-20 response have a relationship
between gain stability and power supply voltage stability given by
dG
dV
- = n“

[32]

(4-44)

where n is the number of dynodes and V is the power supply voltage.
The PM tube power supply must be a variable voltage supply with the
upper limit of voltage within the safe operating voltage of the PM tube
to avoid accidental damage.

The ripple content of the power supply

must be low to avoid injecting an additional frequency or frequencies
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(the power line frequency or its harmonics) into the output of the PM
tube.

A voltmeter should be available in the system to monitor the PM

tube supply voltage.

Signal Conditioning
A high quality A.C. amplifier is usually necessary to provide
a large enough voltage to drive most types of spectrum analyzers or
tracking filter type of analysis instruments.
requirements for this amplifier, which are:

There are four major
1. the amplifier must

have a gain that is sufficient to match the PM tube output to the re
quired input level of the following signal conditioning device; 2. it
must have a signal to noise ratio equal to or better than that of the
PM tube; 3. the amplifier frequency bandwidth must cover the range of
frequencies expected from the velocimeter, and 4. the input impedance
must be matched to the output characteristics of the PM tube.
There will undoubtedly be some unwanted signal entering the
amplifier which will be amplified along with the desired signal.

To

eliminate unwanted noise that is outside of the frequency spectrum of
interest, the amplifier output should pass through low pass and high
pass filters which are tuned to allow only the frequencies of interest
to pass through.

For very low velocity measurements, the lower fre

quency limit of the amplifier may eliminate the need for a separate
high pass filter.
The signal analysis equipment can take several forms depending
upon the information desired from the laser Doppler system, the sampling
rate desired, and the convenience that can be afforded.

Determination

of mean velocity only requires a device that will indicate the fre
quency at which the peak amplitude of the frequency spectrum occurs.
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This can then be related to equivalent velocity by the geometry of the
system through Equation (2-9).

If the total velocity content within

the scattering volume is desired, then the frequency distribution must
be known.
If the mean velocity only is of interest, the simplest method
would be an analog frequency meter or a digital counter type of fre
quency meter.

With this type of instrument, the input level, or

internal gain, is set at a high level (above the voltage level of the
amplified PM tube output) and the level slowly reduced until a steady
output is achieved, which should be an indication of the peak amplitude
of the frequency distribution.

This type of device could be automated

with a feedback gain control circuit that would hold the level of
amplified PM tube output at such a level that only the frequency (or
frequencies) at peaks of the spectrum would exceed the minimum input
level of the frequency measuring device, which would then indicate that
frequency.

Recording of the velocity as a function of time could be

accomplished with such an instrument equipped with an analog recorder
output or a BCD (Binary Coded Decimal) digital printer output.
Where the total velocity spectrum is of interest for turbulence
analysis, a different approach is necessary.

The output of the PM tube

can be analyzed as a frequency spectrum by any of a number of frequency
spectrum analyzers which are commercially available.

The particular

analyzer chosen is a function of the frequency limits of the signal to
be analyzed, which is a function of the velocity magnitude and the
optical geometry.

Extremely wideband analyzers that will cover more

than the full bandwidth of the PM tube output should be avoided since
frequency (and thus velocity) resolution is usually degraded as the
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consequence of wide bandwidth.
As concluded by Rolfe et al [13] after a great deal of study,
commercially available analyzers, as discussed above, are not entirely
satisfactory for laser Doppler use because of their slow response and
generally awkward use for this application.
The spectrum or wave analyzer is designed for analysis of
repetitive electronic signals.

Consequently, there has been little

need for them to sweep frequency at a high rate.

The rate at which

they sweep frequency is a function of the I.F. bandwidth, or the width
in the frequency dimension of the filter that sweeps the range of fre
quencies of interest.

To obtain high resolution data in the frequency

dimension, the bandwidth must be narrow and the sweep rate slow.
Recent advances in the state of the art of spectrum analysis
have made possible what is called "real time" spectrum analyzers that
complete and display their analysis in very short time, allowing a
display with little or no visually apparent delay.

However, these

"real time" analyzers have been limited to audio and near audio fre
quencies, up to this time.
There are several techniques that can be used to obtain accurate
mean velocity data from a spectrum analyzer.

A simple, rapid, high

resolution method of determining the frequency corresponding to the
mean velocity is to monitor the local oscillator frequency of the
spectrum analyzer with a digital counter.

By manually adjusting the

center frequency of the analyzer until it coincides with the peak of
the frequency distribution, the center frequency will be a linear
function of the local oscillator frequency which can be read from the
counter.

This method can yield accuracies as good as one per cent.
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Other methods are available to achieve accuracies up to 0.01 per cent.
An excellent survey of the use of spectrum analyzers for
spectrum analysis and several methods of discrete frequency measure
ment are to be found in Application Note Series 63, published by
Hewlett-Packard Company

[34] .

The spectrum or wave analyzer is usually designed for display
of results on an oscilloscope or X-Y plotter.

The X-Y plotter has the

greatest accuracy and resolution and produces a hard copy of the
results directly.

An oscilloscope is more flexible and convenient for

visually observing the analysis output.

However, for the very slow,

high resolution sweeps, a long persistance or storage type oscillo
scope is necessary for visually observing the complete spectrum at
one time.

CHAPTER V

DESIGN RECOMMENDATIONS

The primary objective of this design is a one-dimensional laser
Doppler velocimeter suitable for use with air as the fluid medium.
However, where no significant compromises are involved, the design will
be for use with liquids or gases also.

The derivation of equations and

a general treatment of the geometry and hardware of a three-dimensional
velocimeter system are contained in Appendix A.
Design recommendations will be presented in the following order:
technique of opto-electronic sensing or transduction process, geometry,
excitation source, optics and physical structure, signal conditioning,
display or recording, and method of use.

Transduction Process
Three basic methods of sensing the Doppler shift of light have
been presented and discussed in Chapters II, III, and IV.

As was

brought out in Chapter IV, only one of these methods was found to be
satisfactory for measuring the relatively small Doppler frequency shifts
due to light scattered from a flowing fluid.

The acceptable method is

that of mixing the Doppler shifted light with a reference or local
oscillator beam from the same source that has not been disturbed, to
obtain a lower frequency by heterodyning.
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Geometry
The choice of optical geometry presented here is based upon the
requirements of the optical heterodyning process, overall ease of use,
and scattered light efficiency.

The recommended geometry is a combi

nation of the salient features of several of the optical arrangements
used by other

investigators.

It is characterized by the excitation

beam being normal to the flow conduit axis ( $ = 90°) and the beam
splitter placed in the incident beam with one plane mirror used to
direct the reference beam through the scattering volume.

The reference

and excitation beams are focused to convergence at the scattering
volume.

A single lens is used to focus the reference and scattered

light to a point at the photo-cathode surface of a PM tube.

This

geometry is illustrated in Figure 23.
The geometrical condition for maximum Doppler shift did not in
fluence this decision because of the negligible improvement it makes
except at scattering angles greater than thirty degrees (9>30°) (see
Figure 24).

These large scattering angles are undesirable because of

the very low scattering efficiency at such angles and the large Doppler
shift that could exceed the frequency bandwidth of the PM tube.

The

primary considerations that dictated the choice of geometry were the
higher transmission efficiency afforded by the "no loss" condition of
having the beam splitter on the excitation side of the system, the
simplicity of the optics, the ease of alignment, and the ease of
expansion into a three-dimensional system.
A complete explanation of the "no loss" condition is found on
page 56 in Chapter IV.
The ease of alignment feature is accomplished as the result of
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Fig. 23.--Optical system geometry
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passing both the focused excitation beam and focused reference beam
through the desired scattering volume.

This will guarantee the light

scattered from the scattering volume and the reference beam to be co
axial and thus satisfy the stringent alignment requirements stated in
Chapter IV.

The adjustment of the two points of focus to coincidence

and periodical verification can be accomplished by observing the point
of coincidence of the beams under a stereoscopic microscope.
The actual scattering angle can likewise be measured by
measuring the angle between the exiting incident beam and the exiting
reference beam with, or without, the test section in place.

There is

no need for a particular scattering angle to be achieved accurately but
only to know accurately the established scattering angle.

Scattering Particles
The requirements of scattering particles purposely introduced
to increase the scattered light output have been covered in the second
section of Chapter IV.

For water flow systems, 0.5 >um diameter poly

styrene spheres have properties that are nearly ideal and have been
used with good success by other investigators

[l8, 19, 20, 21, 22] .

Only the possibility of electrostatic attraction of these particles in
glass or other dielectric material conduits appears as a potential
problem.

In other liquids, a particle material would have to be

chosen to be compatible with the physical and chemical properties of
the fluid, according to the criteria of Chapter IV.
Air flow systems, which often have an open return, add several
additional requirements to those of scattering particles used in water.
These requirements are:

easily removable, inert, convenient to intro

duce, and not objectionable, as dust that would settle in the room of
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an open return system.

The real problem with gases, however, is to

find a good scattering particle of low enough density that it will
track well the turbulent motion.

This has not been accomplished to

date, although Rolfe et al [l3] have spent a considerable amount of
time researching the problem.

Apparently, more research is needed.

There may be at least one condition where a particle of density
greater than the fluid media could be used to advantage.

Such a par

ticle would have a motion that would tend to average out at least the
smaller scale turbulence, thus having a motion that is intermediate
between the motion of the molecules and the bulk fluid velocity.

This

approach to averaging of fluid velocity would be more suited to a laser
Doppler velocimeter than would the use of large particles of the same
density as the fluid.

This is because of the requirement of a con

tinuous Doppler shifted signal from the scattering volume required by
the electronic signal conditioning equipment.

These details are also

covered in the second section of Chapter IV.

Excitation Source
The first section of Chapter IV details the requirements of the
laser used to excite a laser Doppler velocimeter.

At the time of this

writing the laser that most effectively fills the requirements, of
those considered, is the Spectra-Physics Model 141/241 Argon-Ion Laser
equipped with a Model 587 Etalon Assembly.

This combination will pro

duce 50 milliwatts of continuous wave output at 488 nm wavelength in
the TEMq q ^ mode [34] .
In liquids, where a higher scattering efficiency can be
achieved more easily, another laser would be suitable and much more
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convenient because of smaller size.

For specialized use with liquids

a Spectra-Physics Model 119 or a Perkin-Elmer Model 5800 laser would
be suitable.

These are Helium-Neon lasers that are much lower in

power but are frequency stabilized by feed back techniques, and are
much lower in cost.

The Perkin-Elmer Model 5800 is rated at 250 micro

watts output (35] as compared to the 100 microwatts output of the
Spectra-Physics Model 119 [36] , each radiating at 632.8 nm wavelength.
The principal advantage of the frequency stabilized lasers is
in extremely low velocity studies where the greater frequency drift of
the higher power unstabilized lasers limits their very low velocity
resolution (see Equation (4-12)).

Thus, in very low velocity or

boundary layer work these Helium-Neon lasers would provide some
advantage.
The field of laser technology is expanding at a very rapid rate.
It is therefore suggested that the above recommendation be reviewed
carefully in light of equipment available at the time a selection is
to be made.

Optical Elements and Structure
The order of presentation of recommendations in this section
will follow in numerical order the elements as numbered in Figure 24,
followed by the supporting structure.

Appendix B contains a tabular

listing of all components with detailed source and approximate cost
data.
Item 1.

The beam diameter of the Spectra-Physics Model 141 Laser is

given as two millimeters a the e

-2

intensity points.

Thus, the useful

diameter of all optics must be somewhat larger than 2 millimeters (mm).
The price of high quality optics, however, increases rapidly as the
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diameter increases.

A useful diameter of at least four times the beam

diameter should be adequate and allow some positioning latitude.
Item 2a.

The beam splitter is placed into the laser beam to divide the

beam into the excitation and reference beams.

It is desired that the

division be in the proportion specified by Equation (4-43) which will
realize the largest signal to noise ratio.
able incident light on the PM tube (I

Knowing the maximum allow

4- 1^), the loss through the

protective filter on the PM tube, and the input optical power, it can
be shown from Equation (4-43) that I

/I . or the reflectance of this

beam splitter, should be approximately 0.002.

High quality anti-

reflective coatings have a reflectance of slightly less than one per
cent at 45° incidence.

This is the realistic lower limit of

reflectance.
A second beam splitter that is identical except for a reflec
tivity of 50 per cent is required for alignment purposes.

These beam

splitters should be fused silica sindows, anti-reflection coated on
both sides, of seven to ten millimeter thickness.

The thickness is

required to separate the reflections from the first and second sur
faces enough that the second reflection may be eliminated.

The beam

splitter will have an elliptical area of incidence of the laser beam
with a major diameter of about 2.9 mm, thus requiring an overall beam
splitter diameter of 12 mm or more.

Because the mount is at 45° to

the transmitted optical axis, an even larger diameter is desired so
that no part of the mount will interfere with the optical paths.

A

25.4 mm diameter should be satisfactory.
Item 2b.

The mount for the beam splitter, Item 2a, must have fine

adjustment capability about its vertical and horizontal axes to allow
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for minor alignment adjustments.

The Spectra-Physics Model 306 mount

has these required adjustment provisions and will accept optical
elements up to 50.8 mm diameter.
Item 3a, 3b.

The reference beam mirror should be a high quality plane

front surface mirror of reflectivity equal to or greater than 99.0 per
cent at 488 nm wavelength and an incident angle of 30 to 45 degrees.
It should have a front surface flatness of

^/8 or better.

The size

requirement is similar to that of the beam splitter inasmuch as the
incident angles are similar.

However, another type of mount is re

quired to allow the second surface reflection from the beam splitter
to pass by the edge of the mirror and out of the system.

A mirror

such as the Spectra-Physics Model 564-25 is ideal but requires a
specially made mount.
Item 4a.

A double convex lens is used to converge the excitation beam

to the point of measurement.

The focal length must be equal to the

overall outside width of the fluid test section plus clearance for the
optical mount outside of the test section.

A focal length of 1.1 times

the test section width should suffice for most research apparatus.

The

lens should be of a general design as outlined in Chapter IV and should
be anti-reflection coated on both sides.

The diameter must satisfy the

general requirements stated at the beginning of this section.
Item 4b.

A suitable lens mount for the lens is the Spectra-Physics

Model 597B with an adaptor to fit the lens diameter chosen.
Item 5a, 5b.

The reference beam converging lens has requirements that

are identical to that of the excitation beam converging lens.

There

fore, these should be identical to Items 4a and 4b.
Item 6a.

The scattered light receiving and focusing lens should
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conform to the previously stated general requirements of lens elements.
The useful diameter, however, has no relationship to the laser beam
diameter as do the other optical elements so far discussed.
This lens has two distinct functions:

that of intercepting

the scattered light within the solid angle defined by this lens aper
ture and the distance from the point of scattering;

and that of mixing

this light with the reference beam at the cathode of the PM tube.
As discussed in Chapter IV, the two beams must be coaxial and
must share the same incident area on the PM tube to realize maximum
mixing and heterodyning efficiency.

To achieve this, the aperture of

this element must be equal to or greater than the diameter of the refer
ence beam where it is incident upon the lens element.

The quantity of

scattered light sensed is then fixed by this aperture.
The focal length of the lens element should be determined by
use of Equation (4-27) and the criteria of the section on mixing in
Chapter IV.

This criteria states that D 2 in Equation (4-27) should

approach zero.

Under these conditions, it can be shown from Equation

(4-27^ that the focal length of this lens should be one-half the
scattering volume to lens distance.

Thus, the lens to PM tube dis

tance should be two focal lengths.
The minimum scattering volume to lens distance should be the
same as the excitation beam focusing lens to scattering volume distance
to allow the complete traverse of the test section.

Thus, the re

ceiving focusing lens should have a focal length that is one-half the
focal length of Item 4a.

The useful aperture of this lens should be

equal to or larger than the aperture of Item 4a.
Item 6b.

An aperture plate should be placed in the optical path be-

94
tween Item 6a and the PM tube cathode to assure that scattered light
outside the cone of the reference beam does not fall upon the PM tube.
This will minimize the extraneous light falling upon the PM tube and
reduce the D.C. level of the PM output, thus allowing a greater
dynamic range for the actual desired signal.

This would best be a

mask at the PM tube cathode.
Item 7a.

The selection of the photomultiplier tube was made on the

basis of the following requirements:

S-20 response (the highest for

the laser wavelengths being considered), satisfactory small photo
cathode, good signal to noise ratio, and high gain.

A mu-metal shield,

voltage dividing network for the power supply and the output cable
must be assembled to the tube.

The output of this PM tube should be

50 ohm coaxial cable.
The PM tube manufacturer recommends a maximum average anode
current of 0.5 milliamperes (ma)

[37] .

To insure some degree of safety,

the maximum average current should be limited to a value about one-half
the recommended maximum, or 0.25 ma.
The overall, or anode, maximum sensitivity of the PM tube is
3
5.1X10

amperes per watt.

From this sensitivity and the maximum safe

current, the maximum light incident upon the PM tube can be shown to be
4.9X10
Item 7b.

watts.
The PM tube must be protected from ambient level light and

low intensity extraneous light during use.

A narrow bandpass filter,

centered on the laser wavelength and installed in front of the PM tube
cathode window, is the most sure way of eliminating interference or
damage to the PM tube.

The inherent disadvantage of such a filter is

that it will only transmit about 60 per cent of the incident light of
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the specific transmission frequency.
diameter minimum,

The filter should be 15 mm

1 nm bandpass and designed for use at 488 nm wave

length.
Item 7c.

Because of the critical alignment required between the

collecting lens and the PM tube, it is recommended that Items 6a, 6b,
7a and 7b be combined into a focusing tube where the alignment can be
controlled.
Item 8.

Figure 25 shows the details of this component.

The supporting structure for the laser Doppler velocimeter is

logically divided into two categories.

The first is the alignment and

adjusting mechanism for the optical elements.

The second category is

the overall supporting structure and traversing mechanism.
Before a supporting structure can be designed in detail, the
details of test section size and velocity measurement traversing
requirements must be known.

These have not been defined in detail.

However, a maximum test section overall outside width of twelve inches
is assumed for the purpose of the mechanical part of this design.
This basic design can readily be adapted to other physical size
requirements.
The alignment and adjusting mechanism has three significant
requirements.
alignment.

First, it must hold the optical elements in proper

Second, it must allow easy adjustment.

Third, it must be

of a design that minimizes the influence of environmental influences
on the system.
The scattering angle (9) used is a significant design parameter
also.

No one value of 9 is best for all measurement requirements but

9 = 15° is the minimum angle that can be achieved with convenient
optical mounting techniques.

This design is based upon this minimum

Fig. 25.--Photomultiplier tube assembly
v£>
O'
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angle and a maximum of 30°.
Two one-quarter meter triangular steel optical benches are to
be used.

One, Item 8a, on which is mounted Items two and four.

second, Item 8b, is to be used to support Items three and five.

The
One,

Item 8c, a one-half meter bench as above, will be used to mount Items
seven and eight.

A standard triangular bench carrier, Item 8d, will be

used to support Items two through five.

A special purpose mount, Item

8e, is necessary to mount the combination of Items six and seven.

The

orientation of these components is shown in Figure 26.
The structure that supports the optical benches has three main
requirements.

The first is to be sufficiently rigid to maintain

proper optical alignment of the optical components throughout the
system.

The second is to support the total system and minimize the

effect of the surrounding environment.

The third is to provide means

whereby the total optical system can be moved in relation the the test
section to allow velocity measurements at any point within the test
section.
A significant amount of design effort is required to accomplish
these requirements in a manner that is convenient, accurate and easily
controlled.

Specific information about the test section is also

needed to do an optimum design.
Because the scope of this part of the design is so large and
the specific requirements of the test section, convenience desired, etc.
have not been specified, only a very general design is included here.
Figure 27 illustrates this concept.
Item 9a.

A stable D.C. power supply is required which meets the

general requirements stated in Chapter IV and the specific requirements

Fig. 26.--Plan view of velocimeter for 12 inch test section
vO
00

Overall width required =8'-3"

Fig. 27.--Supporting and translating structure
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of the particular PM tube used.

The specific voltage and current

requirements are up to 1600 volts D.C. and 1.5 milliamperes maximum
continuous current

(3^ .

The required voltage stability of the power supply, computed
from Equation (4-44) and a gain stability of one per cent, is 0.1
per cent.
The PM tube manufacturer recommends a voltage divider or power
supply current about 5 times greater than the anode current or 1.25 ma
[37] .

The anode current must be monitored in order to set the desired

PM tube voltage.
The PM tube output cable is shielded with the shield tied to
the positive voltage input terminal.

The negative power supply

terminal is tied to the tube cathode and the magnetic shield.

In

order to avoid floating the input of the signal conditioning equipment
at the power supply voltage, the positive power supply terminal must
be grounded.

This puts the magnetic shield at the power supply voltage

below ground.

This in turn requires insulation of the tube shield and

a complete enclosure of the PM tube and magnetic shield for safety
considerations.
A schematic diagram of the sensor, power supply and associated
circuitry is shown in Figure 28.
Item 10.

Referring to Equation (4-34), it can be readily seen that the

peak value of the AC portion of the PM tube anode current will be
nearly equal to the DC or average portion.

Thus, the RMS value of the

signal of interest will be approximately one and one-half times the
average anode current or about 0.375 ma.

This signal fed into a 50 ohm

load is a low level signal in need of amplification.
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Fig. 28.--Photomultiplier tube schematic
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The recommended amplifier is a two channel A.C. amplifier of 20
db gain.

The two channels can be cascaded for a 40 db overall gain if

so desired.

The frequency bandwidth of the amplifier is 0.1 - 400 MHz.

When coupled with the PM tube that has an approximate upper limit of
200 MHz, the system so far discussed has a 0.1 - 200 MHz flat frequency
response.
Item 11a.

The frequency measuring system recommended for this system

is 0 - 110 MHz bandwidth spectrum analyzer which will give an overall
system frequency response of approximately +0.5 db over 0.1 to 110 MHz.
This represents a direct reading of the frequency at the peak of the
frequency spectrum signal to +1 per cent and gives directly a visual
oscilloscope display of the frequency distribution.

This can be

photographically recorded or fed to an X-Y plotter, analog to digital
converter, or other processing equipment for turbulence analysis.
Item lib.

Where frequency accuracy and resolution of better than 1 per

cent are desired for the center frequency, a digital readout tracking
generator-counter can be added to give up to a seven digit resolution
and an accuracy of + one count + the time base accuracy which is
generated by a stable quartz crystal [38] .
A block diagram of the sensing, signal conditioning, measuring
and recording system is shown in Figure 29.

Fig. 29.--Signal processing flow diagram
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CHAPTER VI

CONCLUSIONS

The overall concept of determination of velocity by measure
ment of the Doppler shift of light incident upon it, as presented in
this work, is lacking only the ability to determine the sense of the
velocity.
The optical geometry recommended in this design is as efficient
or more efficient than any other system known to date and has several
operational conveniences not found in other systems.
The requirements for optical components specified in this
design, being made on the basis of the overall signal to noise ratio,
should result in an instrument considerably superior to those made by
other investigators as cited in the References.
It has been determined that scattering particles must be intro
duced into the fluid stream where velocity measurements are to be made.
This technique is required to overshadow any light scattering from the
molecules themselves and thus to overcome the degradation of the
velocity measurement due to temperature-induced brownian motion of the
molecules.
A number of appropriate particle types have been recommended
by others for use with liquids but open return flow gas flow systems
create a convenience of measurement versus housekeeping problem
dilemma, the latter being a situation caused by particle fallout as
dust.
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The particle, used needs to be matched to the particular re
quirements of the measurement desired.

A theoretical investigation of

available, useful particles following the turbulence of flow would
help establish some definitive guidelines for particle selection.
The electronic signal conditioning equipment recommended here
are available, "off-the-shelf" components that together form a rather
costly system.

For either mean velocity or turbulence measurements,

more specifically oriented electronic devices should be designed.
With the ever widening selection of integrated circuit signal
conditioning devices and the increasing high frequency limits of these
devices, the component may now be available which would make a
relatively low cost signal conditioning system possible.
developmental work is needed in this area.

More

APPENDIX A

EQUATIONS AND GENERAL CONCEPT OF 3-D
LASER DOPPLER VELOCIMETER

The principle of a three dimensional laser Doppler velocimeter
is simply measuring three mutually perpendicular components of velocity
from which the magnitude and direction of the resultant can be computed.
This sounds simple but in fact it can be extremely difficult.

The

major difficulty lies in the fact that the Doppler frequency is pro
portional to the magnitude of velocity but there is no way to tell the
sense of the velocity from the Doppler frequency alone.

If by some

means the sign, or sense, of the three velocity components can be
determined, the measurement is straight forward.
Consider, for example, the optical system shown in Figure 30.
Outputs x, y, and z are Doppler frequency signals corresponding to the
x, y, and z components of velocity.

For this geometry there is one

significant problem, that of reduced intensity of laser light available
for scattering due to the three reference beams required.
The equations for x and z for this system would be the same as
Equation (4-20) where

= 90° and 9 is less than 90°

V

x

V

^Dx <^o
n sin©

(A-l)
x

^Dz Xo
z

n

sin9

(A-2)
z

For the y component, the general Doppler shift equation, Equation (2-9),
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Fig. 30.--Optical geometry for three
dimensional laser Doppler velocimeter
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must be used with /S> = 0° and 0 = 180°.

v

y

This results in

= fpy X o
n
2

(A-3)

Thus
V = V + V + V
x
y
z

(A-4)

It must be remembered that the vector quantities indicated in
the preceding equations are not true vectors inasmuch as the equation
defines only the magnitude and direction of velocity and not the sense.
In order for the preceding equations to give the true vector
velocity the Doppler frequency (f^) must be defined as

fD = f” - f

(A-5)

rather than as the magnitude of f" - f as in Equation (2-5).

This is

not possible with opto-electronic sensors inasmuch as they are not
sensitive to optical frequencies.
The optical frequency, however, need not be the excitation
frequency used.

If the laser beam is somehow modulated at a frequency

(f) low enough that it plus the maximum expected Doppler shifted fre
quency could be detected by the PM tube, then the sense of the velocity
could be determined through Equation (A-5).

The difficulty in

accomplishing this lies in the small percentage change in frequency
for any given realistic velocity.

This can be illustrated by dividing

both sides of Equation (2-5) by the excitation frequency (f) which
results in
(K. + K )
1
sc

Thus f /f is proportional to v/C.

(A-6)
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An evaluation of Equation (A-6) for v = 300 m/sec. (about
Mach 1 for air at 14.7 psia) gives approximately 10

“6

.

Changes of

this order are difficult to measure directly and for the more common
lower velocities, measurement becomes even more difficult.
The problem of determining sense of the velocity is an area in
which exists a significant need for a truly universal velocity
measuring device.

APPENDIX B
Table of R e c o m m e n d e d C omponents

Reference
Humber

Description

Quantity

Suggested Source
Manufacture
Model
Spoctra-Physics

141/241

1a

1

Laser, continuous wave, Argon-ion,
50 mV/ or greater in T E M^^mode

b

1

Single frequency Etalon

"

"

587

2a

1

Beam Splitter, BSC-2 glass,
4
surface, both surfaces 0.4% anti
reflection coated at 488 run, 10 mm
thick.

it

ii

971

b

1

Optical mount

"

"

306C

c

1

Adaptor for 25.4 ran element

M

If

3a

1

Flat front surface mirror,
R — 99.8% at 488 nm, surface
N/4, 25.4 nun dia.

"

"

b

1

Optical mount

4a

2

Lens, double convex, 1^ = 35 cm,
both surfaces low reflection
coated.

b

2

Lens mount for 25.4 mm. lens

5a

See 4a.

Approx.
Price
$7950.

565.
55.

130.
30.

564-25

25.

Special, to be constructed

Spoctra-Physics

597B

35. ea.

- 2 Table of R e c o m m e n d e d Compo n e n t s

Reference
Number

Suggested Source
Manufacturer
Model

Approx.
Price

See 4b.

5b

Spectra-Physics

Aperture plate

To be constructed
(see Fig. 25)

1

Photomultiplier Tube

RCA Electronic
Components

b

1

Laser wavelength narrow bandpass
filter, 488 nm wavelength, 15 mm
diameter, +1 nm bandpass.

Spectra-Physics

c

1

PH tube focusing tube and housing

To bo constructed
(see Fig. 25)

a

1

Magnetic shield

Magnetic Shi eld
Div., Perfection
Mica Co.

8a

1

Optical bench

Ealing

b

1

If

t!

c

1

II

II

d

4

Optical bench carrier

8644

325.

540-20

79.

50.

22-7009

30.

It

II

30.

II

22-7025

45.

II

22-7306

16. ea.

111

7a

501-1

•

b

Focusing lens, focal length
= £ 1^ of Item 4a.

o

1

CO

6a

Description

Quantity

- 3 T a b l e of R e c o m m e n d e d C omponents

Reference
Number

Quantity

Description

Suggested Source
Manufacturer
Model

8e

1

Optical bench carrier

Ealing

22-7496

9

1

Power supply

Hewlett Packard

6515A

10

1

A.C. low noise amplifier
1 kHz to 200 MHz

11a

1

Spectrum Analyzer

b

1

Tracking Generator-Counter

it

if

it

if

1!

1!

Approx.
Price
$

40.
235.

8447A001
8553B/
8552L
9350.
14 IT/
8443A
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APPENDIX C

ALIGNMENT AND USE OF THE
LASER DOPPLER VELOCIMETER

Optical Alignment
The optical alignment of the laser Doppler velocimeter controls
the optical efficiency of the system.

Four specific, separate align

ment operations are required to achieve a useful tool.
operations are.'

The four

1. the alignment and focusing of the scattered light

collecting lens, aperture, filter and photomultiplier tube (PM) in
their housing and alignment of the optical axis of the assembly to be
parallel to the translation axis of its optical bench mount; 2. the
establishment of the excitation beam at a known angle (90°) to the test
section; 3. the establishment of the local oscillator or reference
beam at the desired scattering angle in the desired plane of measure
ment, and its point of focus coincident with the point of focus of the
excitation beam; 4. alignment of the photomultiplier tube assembly to
receive the local oscillator beam and the scattered light.
Accurate machining of the mechanical components in the PM tube
assembly should assure proper optical axis alignment and a sufficient
focusing thread length to properly focus the collection lens of this
assembly.

The lens should be focused such that a point source of light

four focal lengths away from the photo-cathode surface of the PM tube
will be focused to a point at the plane of the PM tube photo-cathode.
This could easily be accomplished before the PM tube is installed by
113
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placing a focusing screen temporarily at the plane of the photo-cathode
and visually observing the image through a small telescope or long
focus magnifier.

Once this focusing operation is complete, the

focusing adjustment should be set by placing "Loctite" or some equi
valent substance in the threads.
The positioning of the PM tube assembly on its mount can be
accomplished by mechanical measurement techniques.

Ideally, the

optical axis should be in the plane of and parallel to the ridge of
the optical bench support.
The remainder of the alignment should be accomplished with the
use of a laser as a light source.

It is desirable that the laser be a

low power laser of any visible wavelength to minimize danger to the
eyes of the operator.

Laser safety goggles, designed for use with the

laser wavelength employed, should be worn during all of these steps.
The beam splitter mount should contain the 50 per cent reflec
tivity beam splitter for the remaining alignment operations.
Throughout

the alignment operation, be sure the power to the

PM tube is off and a cap is placed over the scattered light focusing
lens to keep light out of the PM tube.
The excitation focusing lens should be adjusted such that its
optical axis is in the same horizontal plane as the axis of the PM
tube assembly and normal to the test section window.

The laser should

then be positioned such that its optical axis coincides with that of
the excitation focusing lens.
The local oscillator focusing lens should be aligned such that
its optical axis is in the horizontal plane of the PM tube assembly
and at the desired scattering angle from the excitation beam optical
axis.
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The beam splitter is now oriented at approximately 45° to the
excitation optical axis to reflect the local oscillator beam to the
mirror of the local oscillator system.

The local oscillator beam

mirror is translated and rotated such that the beam reflected from it
coincides with the axis of the local oscillator focusing lens.

This

can be observed and verified by placing a small glass-walled container
filled with a very light colloidal solution at the point of inter
section of the excitation and local oscillator beams.

The mirror

alignment can then be made while observing the two beams passing
through the liquid.

Proper alignment is achieved when the two beams

intersect at their respective focal points.

This can be checked for

critical alignment by observing the point of intersection with a
stereoscopic microscope.
The local oscillator mirror should be off set toward the excita
tion beam such that the beam is reflected very near the mirror edge
away from the excitation beam.

This is required in order that the

reflection from the second surface of the beam splitter will miss the
mirror and pass out of the system.
The PM tube assembly can now be aligned with the remainder of
the system.

The 50 per cent reflectivity beam splitter should be

replaced with the low reflectivity beam splitter.

The PM tube output

should be connected to a high impedance D.C. microvoltmeter shunted
with a 50 ohm termination and the PM tube power supply turned on, with
the voltage kept low.
The excitation beam should be blocked and the cap removed from
the lens of the PM tube assembly.

Angular and translation adjustments

should be made until a definite maximum output from the PM tube is
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observed.

This will indicate proper alignment with the local oscillator

beam and proper focus on the scattering volume or point of focus of the
local oscillator beam.

The system is now ready to be placed in

position around the test section and have the final adjustments made
for optimum signal to noise ratio.
After the system is in place around the test section, the
optical alignment should be checked according to the foregoing pro
cedure.
Upon verification of the system alignment, the desired
scattering particles should be introduced into the test section.

When

flow in the test section is established, the final adjustments can be
made for optimum signal to noise ratio.
With the PM tube power supply voltage low, the PM tube should
be exposed to the scattered light only, by blocking the local oscil
lator beam.

Turn up the power supply voltage to the rated voltage used

by the tube manufacturer in calibrating the tube, being careful not to
exceed the maximum tube output.
the incident intensity (I
values.

Measure the tube output and calculate

) using the tube gain and sensitivity

Calculate the ratio of scattered intensity received (I

the excitation beam intensity (1^).
output is satisfactory (1^).)

SC

desired value of I

L»U

(The rated or measured total laser

This is the value K.

determine the correct ration of I

) to

/I

IjU

Using this value,

from Figure 31 and calculate the

.

Now, turn the PM tube power supply voltage down (for tube
safety).

Block the excitation beam and allow the local oscillator beam

to enter the PM tube assembly.

Turn up the power supply voltage to the

tube calibration voltage, being careful that the tube output is not
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k
vs k f o r maximum s i g n a l to n o i s e r a t i o
Fig. 3 1 . Inp/l
SC' LO
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exceeded.

Measure the tube output.

This value should be in the same

ratio to the scattered light output as the ratio of I

LU

mined from Figure 31.

The magnitude of I

/I

SG

ns deter-

can be varied within

limits by changing the incident angle on the beam splitter and trans
lating the local oscillator mirror to keep the local oscillator beam
aligned.
The microvoltmeter can now be removed from the system and the
regular signal conditioning equipment connected.

Operating Instructions
The details of operation of the individual pieces of signal
conditioning equipment are left to the reader to obtain from the
equipment instruction manuals.

Only a general outline of the procedure

can be given here.
Once the proper operation of the laser optics and PM tube have
been verified and aligned by the foregoing procedure, making a mean
velocity measurement is a very straight forward procedure.

The velocity

measurement is acquired by obtaining the Doppler frequency of maximum
amplitude indicated by the readout device and then substituting that
value into the equation obtained by solving Equation (4-20) for v (or
Equation (2-9) where /3 = 90°).

The angle (0 = ^ ) is obtained from

the geometry used, as determined by the velocity range of interest and
Figure 23.
The actual position of the scattering volume cannot be measured
directly in most cases but must be computed from the projected position
of the scattering volume (from the position of the scattering volume
when no change of index of refraction is encountered) and Equation
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(4-21), which corrects for refraction encountered in the system.
Where a higher than necessary signal to noise ratio exists and
greater velocity resolution is desired, the A 0 of the receiving optics
can be reduced by an iris diaphragm or by a reduced fixed aperture in
front of the receiving optics collection and focusing lens.
Where turbulence measurements are desired, two additional
steps are required.

It must be determined how much of the frequency

spectrum is from turbulence and how much is generated by the finite
acceptance angle ( A.0) of the receiving optics and the finite con
vergence angle of the excitation beam ( 40').

The intensity versus

frequency distribution for non-turbulent conditions can be obtained by
making measurements at a fluid velocity known to be laminar.

The

difference in amplitude between the two intensity versus frequency
curves will give the turbulent velocity distribution for that scatter
ing volume.

A re-determination of the laminar flow distribution will

only be necessary when the geometry or the receiving optics
acceptance angle is changed.
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ABSTRACT

The purpose of this thesis was to design a laser Doppler
velocimeter suitable for use with gases. The optical system design
suggested that a significant improvement over existing designs was
achieved, particularly in the areas of maximization of signal to
noise ratio and operational convenience. The design also showed
need for further investigation in two areas, namely, in determining
an appropriate light scattering particle for use in open return air
flow systems and in development of a special purpose signal con
ditioning system to give a more direct readout of the measured
velocity.
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